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In ACI Journal next month 


SuscommitreE Il of ACI] Commiurree 325 will present its report on “Consides 
ations in the Selection of Slab Dimensions” in the November Journat. A. T. Gold 
beck heads the subcommittee which has studied slab dimensions and the factors 
which affect them. Typical thickness design for airport pavements and highway 
slabs is illustrated. Significant trends in highway slab construction are noted 
reduction in use of transverse expansion joints; a decided trend toward use of 
wider pavements . . . 24-{t width for two lanes now is most prevalent .. . also a 


decided trend away from thickened edge pavements. 


CHARLES 8S. WHITNEY and EDWARD COHEN have prepared a “Guide for Ulti- 
mate Strength Design of Reinforced Concrete,” intended to serve as a supple- 
ment to the ACI Building Code (ACI 318-56) which permits design of rein- 
forced concrete members by the ultimate strength method. The method is pre- 
sented in its simplest form, with working equations and charts to aid in thei: 
application. 


More about lightweight concrete, third part of a series based on the work of 
ACI Committee 213, is the C. C. Cartson paper “Lightweight Aggregates for 
Concrete Masonry Units.” Differences between lightweight and dense aggregates 
having influence in block manufacturing procedure are cited, and the means of 


accommodating them are given. Mention is made of lightweight-aggregate mason 
& 5 5 5 d 


di 


ry units for precast and cast-in-place floor and roof construction. 


“Insulating Concretes” is the contribution of R. C. VALORE, and is the con- 
cluding part of the lightweight-concrete series. Density, strength, and thermal 
conductivity are compared for lightweight concretes made with perlite, ver- 
miculite, pumice, expanded shale, and expanded slag. Cellular concretes made 
with sand, and without aggregate, are included in the comparisons 


A. M. Lounr reports on design and construction in “Prestressed Bridge Sup 
ports Cranes at Niagara River Weir.” The bridge is based on a homogeneous 
grid system of longitudinal girders tied together by diaphragms, covered with a 
7-in. slab acting compositely with the longitudinal girders. All of the grid com 
ponents are prestressed, Step-by step method for exact structural analysis of th 


grid is summarized, 


“Particle Interference in Concrete Mixes,” by B. J. BUTCHER and H. J 
HOPKINS, advances a new method of applying the Weymouth criterion for 
particle interference in concrete mixes, based on a consideration of the com- 
plete grading of solids instead of applying the criterion in turn to each succes- 
sive group. Authors indicate that their examination of Weymouth’'s original 
method of calculation has shown his results to be in conflict with recognized 
physical laws 
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slab movement probably compensates for the effects of other unknown forces and 
conditions active in the pavement. Experience indicates that application of this 
design method with these limitations has resulted in use of steel reinforcement 
with generally satisfactory performance. 

Considerations given in this report attempt to take into account the variable 
nature of subgrade friction and steel stress. Coefhcient values for subgrade friction 


related to subgrade character and extent of slab movements, and of steel stresses 


related to both strength and bond behavior, as advanced in this report, are in prin 


ciple more realistic. However, as shown by appended information, available re 
search data on the subject are inadequate. Additional information is needed before 
friction coefhicient values, resulting in more economical reinforcement design than 
now in use, can be proposed with confidence. Therefore, it is the purpose of this 
report to present at this time design considerations rather than definite recom 
mendations, to stimulate discussion and encourage continued research on various 
phases of the problem. 


CRACK CONTROL 


Reinforced concrete pavement for highways and airports consists mainly of slabs 
one lane wide between longitudinal joints or free edges, divided lengthwise by 
transverse joints 30 to 100 ft apart. The principal reinforcement is longitudinal and 
consists of hot-rolled bars or cold-drawn wires, lapped to extend continuously 
through the full length of each slab and distributed across the width of the slab, 
with the edge members near the pavement edge and longitudinal joint, 

This reinforcement is intended to maintain each slab as an integral unit, re 
gardless of cracking of the concrete, by tying the portions on each side together 
without appreciable separation at the crack, so that the slab will expand and con 
tract due to temperature changes substantially as a unit." This type of reinforce 


ment and its function are classified as distributed reinforcement for crack control. 
Scope of information 


These design considerations present data and suggestions for this most common 
type of pavement reinforcement. It is limited to reinforcement in pavement slabs 
relatively free to undergo contraction and expansion throughout their length. 
Such slabs are not usually over 100 ft long, although data from continuously rein 
forced pavements indicate that principles of reinforcement for crack control apply 
to somewhat greater slab lengths, between 100 and 200 ft.* Specially oriented rein 
forcement, such as edge bars, corner bars, and two-way structural reinforcement 
used in bridge approach slabs, is not within the scope of this report. Strengthen 
ing effects of the steel as reinforcement in the concrete are neglected. Possible 
value of distributed steel in preventing cracks, although evidenced by crack sur 
veys,” is not considered. 

Some continuously reinforced pavements, consisting of slabs of great length 
without transverse joints with considerable weight of distributed longitudinal 
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steel, have been built. These have been carefully observed and have contributed to 
OUI understanding ol pavement reinforcement. However, requirem nts tor steel 


in continuously reinforced pavements are not considered here. 


Concrete pavement cracking 


l pave 


Since the function of distributed reinforcement in controll ny cracks I 


Ih} 
ment 1S being consid red, some information on causes ol pavement cracks 1S 


essential.” Cracks which by appearance and distribution can b 


i 


considered CTrOSS 
sectional (generally transverse) ar made the basis for reinforcement de sign. 

Structural corner cracks may be caused by insufficient slab thickness or lack of 
subgrade support near corners of joints or cracks. Longitudinal cracks, which 
were common in two-lane pavements built prior to 1925, have been largely elimi 
nated by longitudinal joints between lanes, limiting individual slab widths to 
dimensions which can accommodate transverse temperature Warping. Some longi 
tudinal cracks generally referred to as infiltration cracks may occur near edges 
and perpendicular to transverse joints. These Various pavement failures may all 
be remedied in some degree by distributed steel reinforcement, but no basis exists 
at present for dimensioning steel with regard to such crack occurrence and its 
( mtrol. 

Random pavement cracks, mainly transverse, are caused by subgrade move 
ments and thermal and moisture variations in the concrete resulting in critical 
concrete tension, singly or in combination with load stresses. Subgrade move 
ments are associated with settlement, consolidation, loss of subgrade Dy pump 
ing, swelling due to moisture pick-up, and frost heaves, causing variation in sub 
grade level and support greater than can be accommodated by pavement flexure. 

Cracks associated with abnormal subgrade movements at transverse joints can 
be expected to occur between a few feet and up to 10 or 12 ft from these joints in 
highway slabs. They are more frequent in the last loaded slab end in the direction 
of trathc. Reintorcement may also keep these pumping cracks closed and the 
subgrade failure localized near the joints. Cracks due to temperature and shrink 


Ave generally appcal with Mcreasiny Irequ Nncy as slab lengths are increased, 


REINFORCEMENT DESIGN PRINCIPLES 


General premises 


Reinforcement for crack control in practice is dimensioned to keep transverse 
cracks near the center of long slabs from opening into wide cracks. A transverse 
rack in an unreinforced pavement slab results in two independent slabs divided 
by an irregular opening of changing width. Any open crack in the pavement is a 


point for stress concentration, increased deflection, and possibly subgrade deterio 


ration. These influences are diminished if the cracks can be prevented from open- 
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ing in injurious degree. Crack-control reinforcement is intended to insure the 
following: 

1. Intimate contact of adjacent slabs to produce a degree of load trans- 
fer across the crack through aggregate interlock, so that wheel loads near 
the crack are supported by the slabs on both sides, with correspondingly 
smaller concrete flexural stress at the crack and least possible increase in 
pavement deflections at the crack. 

2. Minimization of water seepage to the subgrade and of soil infiltra‘ion 
into the crack. 


Design criteria 


When temperature drops, the pavement slab shortens. Frictional resistance to 
the contraction increases with increasing distance from each slab end, or from 
each crack free to open and close. Friction of the subgrade must be overcome 
by the tension resistance of the steel crossing a crack assumed to occur at the 
center of the slab length. The forces increase with increasing weight, thickness, 
and length of slab, and with increasing frictional coefficient. 


Frictional resistance to movement, from the slab end to the crack, is overcome 


by the steel crossing the crack.’ The cross sectional area of steel required per 


foot width of slab at the crack is: 
Lw 
24 f, 
slab length, in. (L/2 is distance from end to center of slab) 
weight, lb per sq ft of slab 


(1) 


coefficient of friction between slab and subgrade. Generally as 
sumed to be 1.5 
allowable steel stress at crack, psi 
A, cross-sectional area of steel in sq in. per ft width of pavement 
This simple formula gives the area of steel required half-way between trans 
verse yornts, provided the subgrade frictional coefficient is known. 
Prognostication of the coefficient of friction between slab and subgrade for a 
particular pavement and the selection of appropriate steel stress are necessary 
to apply the simple formula in pavement design. These will be dealt with 


separately, 
Subgrade frictional resistance 


Sliding friction in the normal sense does not take place between pave 
ment slabs of conventional lengths and the subgrade. The movement is in 
duced by temperature changes in the concrete. The subgrade is capable of con 
siderable movement within itself and is also subject to temperature changes. The 
frictional resistance therefore varies with amount of movement, size of slab, rate 
of temperature changes, and characteristics of the subgrade. Subgrade resistance 
varies with presence of moisture between the slab and the soil, roughness at the 
boundary, and soil cohesiveness. 

Available experimental research, both published and as supplied to this com 


mittee from unpublished tests, is summarized in Appendix A with tentative in 
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dications. The data are meager, and correlation with pavement performance is 


completely lacking. Possible influence of traffic has not been investigated. 

For sliding friction, a frictional coefficient of 1.5 is indicated, applicable to 
parts of slabs sliding over the subgrade, and this value is commonly used in de 
sign for the case of sliding and nonsliding friction. While this value undoubtedly 
is high, its use probably compensates for other factors which are not considered 


in design because of lack of knowledge about their magnitudes. 
Transverse joint resistance 


Reinforcement frictional stresses have been analyzed on the assumption that 
ho resistance to contraction occurs at transverse joints. Load-transfer devices 
across such joints may substantially resist slip if inadequately installed, if not 
adequately coated to prevent bonding, or if rusted to seizure in the concrete. 
Bond resistance of dowels of 100 psi may not be unusual and may result in about 
25 psi tension stress on a pavement cross section. Any dowel slip resistance must 
be considered an additional force to be overcome by crack-control reinforcement. 
Dowels of smooth-surfaced rust resistant alloy or dowels encased in smooth non 
rusting metal sheaths, if properly aligned, and lubricated, can be assumed to of 


fer negligible resistance to slab movements. 


RATIONAL METHOD FOR DETERMINING COEFFICIENT OF FRICTION 


A method developed by B. F. Friberg and explained below indicates the vari 
ation in the coefficient of friction for the case of sliding and nonsliding friction, 
and equations are shown which will give a more refined value for the coefficient 
of friction in Eq. (1), rather than using the coefficient of sliding friction for all 
conditions. 

For daily temperature cycles, subgradk frictional resistance appears to increase 
from zero at very small movement substantially along a parabolic curve (and 
proportional to the square root of movement) until free sliding takes pla e. with 
a constant friction coefficient for parts of the slab subject to free sliding. Use of 
this relationship in ar sign Was proposed by EK. F. Kell y" and credited by him i 
the late R. D. Bradbury, formerly engineer-director, Wire Reinforcement In 
stitute. 

The friction coefficient F, under any point along a slab subject to unre 
strained contraction and « Xpansion from its center, as well as the average friction 
under each halt-slab, can b computed from a general relationship shown in hq. 
(2). The variable frictional resistance related to slab movement will be termed 
the coefficient of nonsliding friction Fx as expressed by Eq. (4). The term co 
efficient of sliding friction F. will be reserved for the constant sliding friction 
resistance which is assumed to be a value of 1.5. 

Notation 

F coefficient of friction between slab and subgrade 
i coefficient of nonsliding friction at any point along slab lengih 
- average coefficient of nonsliding friction 
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coefficient of sliding friction assumed to be a value of 1.5 
average coefficient of friction for the case of sliding friction ove: 
part of the slab, and nonsliding friction over the remainder of the 
slab 
contraction, in., at any point due to temperature change 
distance, in., from center of slab, which is assumed motionless 
to any point in slab 
distance, in., from center of slab, which is assumed motionless 
to point where sliding begins 
temperature decrease, deg F, from that for slab at rest 
coefficient of thermal expansion 
constant establishing the relation between movement and the 
coefficient of nonsliding friction 
L, Slab length, in 
The coefficient of nonsliding friction for small movements, as indicated by 
experimental observations, can be represented by: 
F,’ Uy a 
The movement any point 1s 
a et 


The coefficient of nonsliding friction at any point then is: 


FF.’ UvVeta (4) 


If sliding friction does not take place under any part of the slab, the average 


coctficient of friction /, under each half-slab of length L/2 is obtained by inte 
gration and division by the distance to the center, expressed as: 
2U . /etL 
r. 3 V 2 
The value Fn given in Eq. (5) is the average coefficient of nonsliding friction 
for the half-slab length, and this value for fF, may be used as a more refined valu 
in place of F in Eq. (1) where nonsliding friction occurs. 
1 he distance from the center of the slab tw, al which sliding Iriction 1s rea hed, 


is obtained from the relationship: 
(6) 


For slabs longer than LX we, sliding friction 1s assumed to CXISt neal the ends, 
and nonsliding friction near the center. The average coefficient of friction, as 


proposed by Kelley, can then be expressed as: 


F,, F, 
The value Fa given in Eq. (7) is the average coefficient of friction for the 
case of sliding friction over part of the slab and nonsliding friction over the re 
mainder of the slab. This value may be used in place of F in Eq. (1), where 
sliding and nonsliding friction occur, as a more refined value for F. 
The distance from center slab, xw, at which sliding friction commences is de 
pendent upon the subgrade constant U, temperature drop, and thermal coet 


ficient, as well as upon the value of the sliding-friction coefficient. 
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Temperature considerations 


Conventional frictional behavior involves reversal of resistance for each re 


versal of movement. However, with frictional resistance depend nt u 


pon amount 


of movement as well as on its direction, that assumption 1s not 


Forced movements ol she rt and long slabs show a return 


exactly true. 
movement of 0.01 to 


0.02 in. on removal of the force.” It can be assumed, therefore, that any 


movement 0.02 in. or larger is actively opposed by frictional resistance, Slab end 


movements that large would occur in 50 and 100 ft slabs for 5 to 10 ] 


temper 


ature change, which is greatly exceeded by normal daily temperature variations 


in slabs of reasonable thickness. 
Seasonal temperature change is attended by many daily versals, each subject 


| | 
| temperature drop then should re 


| 
sult in maximum frictional resistance. This is corroborated by the finding on one 
pendir \, p. 4) that isonal length change 


i 


was virtually unhindered even in slabs up to 1LOOO ft 


to frictional resistance. Maximum sustaine 


ontinuously reinforced project (Ay 


long, ilthous h Cxtensive ly 


cracked. The daily temperature cy le, a cordingly, 1s taken 


as the basis Lor rat 
termination of frictional stresses. 


Daily concret pavement temperature cvcles 


» are related to climatic conditions 


and slab depth. Daytime maximum slab temperatures seem to vary uniformly 


| } ‘ 
trom south to north, but nighttime slab temperatures show a somewhat greater 


drop in the northern regions. Daytime tempecraure gradients through the slab 


depth are on the order of 3 F per in. depth, whereas night temperature 


are nearer 1 F per in. depth. The slab temperature at middepth is assumed to gov 


ern over-all slab movement. The temperatur« 


gradi nts 


al middepth varies between day 
time and nighttime to a greater degree for thin slabs than for thick slabs. From 


the above established temperature gradients, it is indicated that the maximum 


daily slab temperature range for design purposes may be reduced 2 F for 1-in. 
increase in slab thickness. 

In the absence of specific information, the following maximum range of daily 
slab temperatures is suggested for determination of movements 

For southern U.S 4-in. slabs 35 de; 
and coastal areas 8-in. slabs 30 de 


2-in. slabs 25 dey 


For northern U.S 4 
and interior 


in. slabs 40 de; 
§-in. slabs 35 des 


12-in. slabs 30 de 
Determination of U values 


In Appendix A, values of the constant U are derived for 


wherever possible. Computed U values range 


recorded test data 

from about 2, for reversing 
' 

movements of large slabs on sand cushion, to 10 or more for tests 


crete specimens 6 to 10 in. thick placed and moved over prepared subgrades. 


] 
on small con 


The effect of variation in slab depth on the magnitude of subgrade frictional 


resistance has been investigated in Bureau of Public Roads tests on small slabs 
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6 to % in. thick on silt loam soil.” The data obtained (see first reference in Ap 
pendix A) together with those from two tests of the New Jersey State Highway 
Department on 9- and 12-in. slabs (also see Appendix A) lead to the tentative con 
clusion that subgrade modulus of frictional resistance for pavements of different 
depths varies approximately as the inverse ratio of the square roots of pavement 
depths. 


Following are tentatively proposed values of U in predicting nonsliding coef 


ficient of friction for different subgrades and pavement thicknesses (see Ap 


pendix A): 


values for given pavement depth 
Subgrade condition 
in § in. 12 in. 

Highly cohesive and dry subgrades, 
and stiff compacted rough gravel or 
stone subgrades 
Average silt, loam, and clay sub- 
grades; normally wet 
Sand subgrades and cushions, and 
subgrade papers on smooth bases or 
subgrades : 3 


For parts of pavements subject to sliding, a friction coefficient of 1.5 is ten 
tatively proposed, applicable to parts moving in excess of 0.09 in. for U 5.0, 
to 0.25 in. for U = 3.0, for 8-in. highway slabs. 

For a night temperature drop of 30 F and a thermal coefficient of 0.000005 (ty 
pical values), the distance xw and the corresponding slab length as well as the 
slab movement at which sliding at a friction coefficient of 1.5 would commence 
for some probable values of U are shown below: 

Values of U 3 4 5 6 

B., in 1670 940 600 415 

cs, 3 280 156 100 69 

a, in 0.25 0.14 0.09 0.06 

Movements up to 4 in., without free sliding, have been recorded in friction 
tests on long slabs. For short slabs, free sliding has generally taken place at move 
ments from 0.05 to 0.10 in. The data seem to indicate that sliding friction prob 
ably does not occur under slabs of normal highway dimensions for daily tem 
perature cycles. 

For smaller than sliding movements, determination of frictional tension stresses 
in the slab and its reinforcing at a crack near the slab center can readily be made 
by substituting values for Fn from Eq. (2) for F in Eq. (1). 

Fig. 1 shows concrete tensile stress and slab-end movements in 20 to 200 ft long 
_slabs for 30 and 40 F temperature drop and 0.000005 thermal coefficient, for U 
values applicable to highway pavements, and sliding friction coefficient of 1.5. 

In cases where nonsliding friction occurs, or where slab length L is equal to or 


less than 2x, the maximum tensile stress in the concrete which occurs at 
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the center of the slab may be computed by using Eq. (8), which has been ob 
tained from Eq. (5) and (1). 
UL va 
36 2 
For the case wher sliding friction occurs over part ol slab, or whe r¢ 
yreater than 2x, the maximum tensile stress in the concrete which occurs at 


center of the slab may be computed by using Eq. (9), which has been obtained 


from Eq. (7) and (1). 


REINFORCEMENT STRESSES 


Crack opening and steel stress relations 

Cracks open in some degree because of stretch of the reinforcement across 
the crack, directly related to the stress in the steel and the manner of transfer of 
stress trom thi steel to the concret« by bond or by welded Cross-wif anchorage 


on each side of the crack. To preserve ag} 


regate interlock across cracks, as well as 


for effective sealing against water and soil infiltration through cracks, this 


widening of cracks at low temperature must be small.’ 


Permissible limits for crack openings have not been determined. Assuming 
normal slopes ol 45 deg al interlow king projections ol irregular agvregate sur 
faces, the maximum openings should be something less than the maximum de 
sirable vertical pavement wheel-load deflection on the subgrade, so that aggre 
gate interlock may become effective at less than maximum pavement deflection. 
Based on maximum pavement load deflections of 0.02 in. (Fig. 110 of reference 
6) horizontal crack widening of 0.01 in. due to reinforcement tension, would 
seem to be a permissible limit. 


) 


In Appendix B, available research material on bar and wire bond and stress 
relations has been analyzed. Available test information is not exhaustive, and 
does not include reversed and repeated stresses pertinent to contracting and ex 
panding slabs. Insufficient information is available to permit differentiation be 
tween wire fabric and other reinforcing material. For weathered steel surfaces, 
wire stress at a crack appears to be transferred to the concrete predominantly by 
bond. Welded cross wires may be of considerable value in limiting crack open 


ings if bright wire fabric is used, and for the repeated stress conditions. 
Design stresses in crack-control reinforcement 


Reinforcing steel for concrete pavements is generally cold-drawn wire or hot 
rolled plain or deformed bars of intermediate or hard grade, or rail steel. 
Structural grade is at times used for tie bars. Sizes under *% in. are not available 
deformed. 

Permanent elongation of the steel is undesirable. Although structural safety 


is not involved, the steel stress should be limited to prevent yielding at ex 
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TABLE 1—REINFORCEMENT DESIGN STRESS 


H led bars 


»5 000 O00 


oon) 2! ) > hn 
OO 25, 000 000 
000 20,000 1» OOO 
(Mn) (nM) (nM) 
1) O00 000 OOo 


0.000 OOo 0000 


cepuional continuous temperature decrease, 


, 
assumed in ae 


! 
‘Tentatively roposed design stresses tor various gi es and different 
bars or wire used as crack-control reinforcement are given in Table 1. The 
are based on 1. sitet factor tor yield-point stress ‘ ss for 0.01-in 
opening, whichev is the smaller, taken to nearest S000 ps valu 


GENERAL STEEL AND REINFORCEMENT REQUIREMENTS 


] 1 ] 
Reinforcing steel should be furnished in accordance: 


tions of the American Society for Testing Materials 


Longitudinal reinforcement 


Longitudinal wires OF bars are spaced generally re than oO in with the 


edyur members from 2 i 4 in. from the pavement edyc ind longitudinal yomnt, 
Maximum Spacing 1S limited by local stresses, strains ind detormations al each 
bar with large bar spacings. Tension stresses are imposed on the concrete by the 
reimtorcement with a tenden y to secondary cracking perpendicular to highly 
stressed individual members having high effective bond stress near cracks. These 
local stresses have not be« n investigated, pul the y mav b substantial and are ad 
ditive to load Stresses. Maximum Sspaciny should not ¢ Kceed 15 in 


Spacing of welded cross wires, while perhaps not a cause for concern with 


weathered wire surfaces, may influence crack opening if bright wire with low 


bond Capacity 1s used, the crack opening imcreasing with increased cross-wire 


spacing. For such conditions, spacing of 12 in. or less may be desirable and ap 


parently should not be exceeded for bright wire fabric. 


Continuously reinforced pavements in service with reinforcing bars up to 1-in. 
size on 6-in. spacing, and with transverse reinforcement of only 1/15 as much 


weight, have no noticeable longitudinal cracks after 15 years.*’” However, large 
bars exhibit large bond slip and reinforcing stress must accordingly be severely 
5 } 5 


limited when they are used. 
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The smallest wire generally used for concrete pavements is about 0.20 in. in 


diameter, Some cases of fracturing of light longitudinal wires at transverse warp 


ing joints with the steel continuous through the joint in pavements 8 to 10 years 
old have been reported.2*7 A desirable minimum size reinforcing member is 
clearly indicated.* It is tentatively proposed that longitudinal reinforcing mem 


bers in highway pavements be not less than No. 3 gage or 4 in. diameter. 


Transverse reinforcement 


The foregoing analysis has been specifically related to longitudinal reinforce 
ment; only welded cross-wire anchorage was discussed. In the case of two-lane 
pavements, transverse warping stresses due to temperature variation in the slab 
are relieved by the longitudinal joint, and therefore longitudinal cracking is 
most unlikely. The cross-sectional area of transverse steel based on design con 
sideration is generally exceeded in practice because of other considerations such 
as construction handling and convenience. The spacing of transverse wires may 
be controlled by design consideration of cross-wire anchorage for longitudinal steel. 

In multiple-lane pavements, with the individual lanes tied by closely spaced 
tie bars, substantial transverse stresses due to contraction and expansion may 
occur. The tie steel between lanes is dimensioned to withstand transverse frictional 
resistance of all lanes to the nearest free longitudinal joint, or edge. The trans 
verse steel reinforcement in each lane should not be less than the amount of ti 
steel provided across adjacent longitudinal joints. Transverse restraint to free 
Warping al heavily-tied longitudinal yomnts in such multiple width pavements 


may increase the tendency toward unforeseen longitudinal cracking. 


Heavy-edge reinforcement 


Wire-fabric reinforcement for highway pavement slabs has at times been spec 
ified with one to four edge wires heavier than the other longitudinal wires. The 
edge wires are intended to act as dowels for improved load transfer near the cor 
ners of the fractured slabs. The load transfer possible by such dowel action for 
a modulus of support of concrete, G 2,000,000, is from 500 Ib for 0.25-in. 
wire to 1300 Ib for 0.40-in. wire, for 0.01 in. deflection across the crack. The cor 
responding flexural stresses are about 50,000 and 40,000 psi in the steel, and th 
concrete bearing stress is 10,000 psi.” Several such heavy edge wires may provid 
some load transfer at differential deflection across a crack smaller than that for 


which effective aggregate interlock may be established. 


Placement of crack-control reinforcement 


Cracks, like joints, are subject to temperature warping, causing relatively 


closer fit across the top of the crack during daytime and across the bottom at 


*Fracturing of small reinforcing members is believed due to stresses incident to differentia 
vertical deflection across a crack in establishing aggregate interlock. In addition to tension 
the steel is stressed in bending across a crack. The steel flexural stress is proportionate to the 
deflection and increases rapidly for reinforcing members below ‘4 in. diameter. For member 
size under 02 in bending stress equal to or higher than yield strength can apparently be 
caused by 0.01-in. deflection across a crack 
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night. To preserve maximum possible aggregate interlock at night when cracks 
are widest, crack-control reinforcement should be placed above center depth of 
the slab. This follows normal construction practice employing the strike-off 


method of placement at about 1/3 the pavement thickness from the top. 


DISTRIBUTED STEEL PERFORMANCE 
Existing highway practice 


Common reinforced pavement designs have included 20 to 100 ft long slabs, 


generally with 0.4 to 0.6 lb per sq ft of steel for 7 to 9-in. pavement slabs up 


to 50 ft long, and 0.7 to 0.9 Ib per sq ft steel for thicker 100-ft slabs. Normally 
about 2/3 of the steel has been longitudinal reinforcement. (¢ orresponding rein 
forcement areas are from 0.1 percent for short and medium length slabs, to 0.15 
percent tor the longest slabs. 

Some conventional designs appear to be based on sliding friction coetticient 
and steel stress approaching yield strength. Existing pavement reinforcement has 
apparently given satistactory service, except where the lightest fabric has been 
used in short slabs. Actual friction is probably lower than assumed, so that, 
fortunately, actual steel stress is probably also lower. Design considerations ap 
proaching true conditions would permit better appraisal of the influence of slab 
length. 


Cracks in reinforced pavements 


Pavement crack surveys show fairly few cracks in relatively short reinforced 
slabs. On over 200 miles of pavement in Louisiana with joints 30 to 50 ft apart, 
less than 10 percent of the reinforced slabs were cracked.” On 15 miles of pump 
ing Illinois pavements, 59 percent of 50-ft reinforced slabs averaging 7 years old 
were cracked. It is indicated that distributed reinforcement for crack control is 
increasingly important as slab lengths exceed 50 ft. On the basis of minimum 
total number ot crac ks and joints, slab lengths should he yreatel than 50 tt for 
reinforced pavements. 

In continuously-reinforced pavements,” slab lengths adjacent to the ends 
average from 50 to 150 ft. Design considerations applicable to distributed rein 


forcement for crack control appear to apply for slabs between 100 and 200 ft long. 
Design comparison 


Applying Eq. (7) and (1) for U equal-to 5, and for 30 F daily temperature 
cycle and 35,000 psi steel stress, gives 0.05 percent longitudinal steel in a 50 ft 
long slab and 0.14 percent steel in a 100-ft slab if joint dowels were free; but 
0.12 and 0.22 percent, respectively, when joint dowel sliding resistance is equi 
valent to 25 psi concrete stress. Without considering dowel restraint, the pro 
posed design considerations indicate less steel than now often used but, as 
illustrated, the steel requirement in short slabs may be more than doubled by 


transverse joint dowels which do not slide freely. 
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Value of crack-control reinforcement 


Reinforcement is effective in preventing pumping at cracks. Cracks due to 
pumping occur 5 to 10 ft from transverse joints. Long-slab reinforcement, di 
mensioned for stress conditions at much greater distance from joints, provides 
more steel than needed for crack control near joints. 

Pavement blow-ups are significantly decreased by reinforcement.” Increasingly, 


concrete pavements are built without expansion joints.” Any crack in a pavement, 


regardl ss of orientation, is by reinforcement arrested as a center ol potential 


pavement deterioration; the number of cracks may be significantly fewer. These 
intangible advantages may add useful pavement life and major economies on 


heavy-service concrete pavements. 


CLOSURE 


With respect to subgrade frictional resistance, further information is needed 
on all variables, effect of subgrade composition and surface, effect of slab move- 
ment magnitude, and effect of slab thickness. The influence of frozen subgrade, 
adhering to the slab firmly according to small scale tests, can now only be sug 
gested by field data indicating that winter freezing is not a critical period for 
crack de velopment. 

The need for limiting allowable steel stress to keep cracks below some ac 
ceptable maximum width is indicated by conventional bond tests. The perfor 
mance of the steel in bond near cracks in pavement slabs, subjected to repeated 
and progressive influences, may be very different from indications of single 
pull-out bond tests. Crack infiltration and vertical deflections between crack 
faces and abutting slab ends both have effects on the steel, presently unknown 
but important in design. What constitutes an acceptable crack width, in this re 
port assumed to be 0.01 in., is an unexplored question. 

Adequate designs have apparently resulted when a value of subgrade friction 
has been assumed which appears to be higher than the friction indicated for the 
range of movements normally occurring in slabs of conventional dimensions. 
Fortunately, the choice of high friction coefficients has provided a margin of 
safety which allows for the unknown restraints of abnormal slab movements 
and joints, or a counterbalance for the normally chosen steel design stress. Such 
empirical designs can be justified only in the absence of more comprehensive 


information concerning the variables discussed in this report. 


APPENDIX A—DATA ON SUBGRADE RESISTANCE 
TO PAVEMENT CONTRACTION AND EXPANSION 


This study is an analysis of information cover.:ng the coefficient of friction 
resistance of the subgrade to movements of concrete pavements due to temper 
ature contraction and expansion. Subgrade frictional tests have been made on 


small and large slabs, recorded in the literature, or made available for study. 
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Indirect information is available from observations on concrete pavements in 


the field. Field observations are limited to some specili types ot subgrades and 


do not include direct measurement ol frictional stress in conventional slabs. 
Data and conclusions from available tests and observations have been sum 
marized in this appendix. 


Friction tests 


This information covers experiments of moving concrete slabs of different 
sizes across subgrades of different types, for varying speeds and magnitude of 
movement. In no case has the movement of a pavement slab, contracting or ex 
panding from its center, been fully duplicated. 

Bureau of Public Roads tests—-L. W. Teller and Earl C. Sutherland’ report 
movement of small 4 x 4-ft slabs, from 2 to 8 in. thick, placed on a natural silt 
loam, A-4 subgrade. Force and displacement were observed for slowly applied 
force, and movement up to 0.1 in. The principal findings were 

a. Frictional resistance increased with increasing movement, to sliding at 
a movement of about 0.05 in., and a constant frictional coefficient thereafter. 
3efore sliding, the resistance increased at a parabolic rate, proportionate 
to \/a, where a’ is the movement in in. 

b. The subgrade participated in the movement to some extent, but soil 
movements were reduced by the resistance of subgrade surrounding the 
small slabs on all sides, as shown by one test made with a groove 5 in. deep 
cut vertically into the subgrade just ahead of the leading edge of the slab 
(Resistance of surrounding soil would be negligible for contracting pave- 
ment slabs.) 

c. Friction decreased with repeated movements, to one-half the friction 
value for the first movement. The nonsliding friction for repeated movement 
of a 6-in. slab approximated 7 * \/a 

d. The coefficient of friction increased with decreasing slab thickness for 
tests on 8-, 6-, 4-, and 2-in. thickness. For 4- to §8-in. slab depths the co 
efficient of resistance varied approximately as the inverse ratio of the first 
root of the depths 
3ased on these tests, a sliding friction coefficient of 1.5 has been proposed for 

highway pavement design. 

State of New Jersey tests—-(Unpublished data made available to ACI Com- 
mittee 325 by William Van Breemen of the New Jersey Highway Department.) 
These tests included forced movement of 15 in. wide, 6 ft long slabs, 9 in. thick 
(also one 6-in. and one 13-in. slab), placed on prepared subgrades within con- 
crete retaining walls 3 to 12 in. away from the specimens. The tests included many 
types of subgrades and subgrade treatments. The principal findings were: 

a. Free sliding normally occurred at from 0.03-in. to 0.06-in. movement, 
with a friction coefficient between 1 and 2, without subgrade paper. Non- 
sliding frictional resistance generally increased at parabolic rate, from 6)/a 
for sand and dry loose gravels, to 13) a’ for clays and damp gravels 

b. High frictional coefficients were observed on bank run gravel, slightly 
damp, and on damp silty clay, from 2.5 to 3.0 for sliding 

c. Frictional coefficients with subgrade paper were substantially less than 
without subgrade paper, with the least improvement on concrete sand sub- 
grade, and the greatest improvement on bank run gravel and on 





JOURNAL OF THE AMERICAN CONCRETE INSTITUTE October 1956 


”" 
~ 
n 
ve) 
| 
y 
o 
- 
4 
a 
va 
oc 
rm 
oO 
“ 
< 
= 
= 
Oo 
ac 
ve 
< 
- 
< 
a 
y 
4 
- 
4 
oc 
ve 
) 
< 
= 
U 
é 
oc 
a. 
a 
lu 
al 
co 
< 
a 


Springs 


Eldorado 





REINFORCEMENT FOR PAVEMENT CRACK CONTROL 353 


damp silty clay. The sliding friction coefficient with subgrade paper was 


about 1.0, generally at less than 0.02-in. movement. 

d. Second-movement friction was less than the first, except for damp silty 
clay. 

These tests on small slabs agree substantially with Bureau of Public Roads 
tests. They show the value of sandy subgrades and of subgrade covers in decreas 
ing subgrade resistance. Resistances for 13- and 9-in. slabs are approximately in 
ratio of \/9 V13 

Missouri tests—-These tests were performed in conjunction with stress-curing 
experiments and construction (see Engineering News-Record, Nov. 9, 1939, p. 68 
on projects at Martinsburg and Eldorado Springs, Mo., under supervision of the 
Missouri State Highway Department. The tests have been compiled and made 
available to ACI Committee 325 by Bengt F. Friberg 

Highway pavement slabs from 30 to 100 ft long, with open joints and ‘“Translode 
doweling, were moved back and forth on the subgrade by means of pneumatic 
pressure applied in cells in the joints. The pressures generally were imposed rapid 
ly; movements ranged up to about '4 in. The tests were made before complete 
curing of the pavement 

The pavement at Martinsburg was placed on asphalt-impregnated subgrade paper 
that at Eldorado Springs generally on clay subgrade. A summary of the Missou 
tests is given in Table 2 

The principal findings of the Missouri tests are 

a. The coefficient of sliding friction was between 1.5 and 2 for initial move 
ment of 60- and 100-ft slabs, but higher for 30-ft slabs. The resistance to move 
ment was progressively smaller for each reversal of movement ind sliding 

did not then take place until large movements had occurred 

b. For repeated nonsliding movements, the coefficient of nonsliding friction 
increased at a linear or parabolic rate with movement, in accordance with the 
relationship 2\/a, for slab on subgrade paper, and 3.5\/a, minimum for slab 

on clay subgrade 

c. By the imposition of pressures in two adjacent joints, large reversal of 
movements of the intermediate slab could be accomplished with small differ 
ential in pressure, at a coefficient of friction less than 1 for 60-ft slabs, and 
less than 2 for '«%- to 4-in. movement of a 30-ft slab 

The Missouri tests indicate that frictional resistances under a slab of normal 
highway dimensions are lower than found in tests on small slabs, especially for 
cyclic movements of expansion and contraction of pavement slabs 

Kansas tests—‘‘Lawrence Experimental Concrete Pavement, A Twelve-Year 
Study,” by the State Highway Commission of Kansas (1949), reports a few frictional 
tests, covering resistance of six 50-ft highway pavement slabs 7 in. thick. To in 
duce movement, the force was applied by jacking adjacent slabs in an open inter 
mediate joint. Two slabs were placed on a '2-in. sand gravel cushion, the others on 
existing subgrade, of both normal and excessively wet A-6 to A-7 type, with sub 
grade paper between the slab and the subgrade in all cases. The tests were made 
at 7- to 13-month age, with two slabs retested 1 year later. Only one test was made 
on each slab to establish resistance. 

Slab movements of 0.06 in. to over 0.30 in. were obtained, with free sliding at a 
coefficient of friction of 1.3 on normal subgrade, 1.4 on '4-in. sand cushion, and 1.8 
to 2.0 on excessively wet subgrade at movements approximating 1/10 in. Retests 1 
year later gave the same or slightly lower resistance values. Rebound movement 
during removal of jack pressure was from 0.013 in. to about 0.03 in 


Nonsliding frictional resistance increased at more rapid rate with movement thar 
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obtained with Eq. (4). The resistance for 0.035-in. movement (approximate maxi- 
mum movement for daily temperature cycle) is about 7\/a’. No short-time repeat 
tests were made 


Field observation data 


Some information of indirect nature on subgrade frictional resistance is avail- 


able in the literature, from continuously reinforced concrete pavement instal 


lations and from pavement prestressing experiments. 


Prestressed pavement installation—-Data bearing on concrete pavements on sand 
subgrade have been obtained in construction of prestressed concrete road slabs at 
Crawley, England, reported by McIntosh and Mercer.* For a 6-in. slab over 400 
ft long on a sand cushion, prestress was applied to overcome friction to its center 
at a coefficient of friction of 0.5. The force was applied as post-tensioning, and 
closed open cracks which had occurred before prestressing either immediately or 
after the first night. Cracks remained closed thereafter. 

Continuously-reinforced-pavement observations—-Accounts of extensive field ob- 
servations on large highway projects have been published in Proceedings of the 
Highway Research Board (by H. D. Cashell and S. W. Benham,’ for an experimental 
pavement in Stilesville, Ind.; by H. W. Russell and J. D. Lindsay in V. 30, p. 45, 
for a pavement in Illinois; by T. E. Stanton in V. 30, p. 28 for a pavement in Calif- 
ornia; and by W. Van Breemen in V. 30, p. 61, for a pavement in New Jersey). The 
first three projects covered performance with bar-reinforced slabs; the first and last 
projects include information on fabric-reinforced pavements as well. The published 
accounts have been studied with particular reference to subgrade resistance. 

Cashell and Benham show that seasonal length changes of 2 in. or more are 
not diminished by frictional resistance under slabs up to 1000 ft long even though 
closely-spaced transverse cracks would permit strain for low stress in the steel 
crossing the cracks to equal temperature contraction. 

Contraction of slab ends for normal night temperature drop seldom exceeds in., 
and is restrained in the 200 to 300 ft of pavement nearest the ends, showing that 
frictional resistance attends daily contraction and expansion of long highway pave- 
ment slabs 

For 20 F night temperature drop and about 0.15-in. end movement, the average 
coefficient of friction under a 300-ft active slab end is indicated to be about 0.5, 
which would correspond to the relationship 2.6\/a on the silt-loam subgrade at 
Stilesville. 


Conventional slab lengths and movements—-In slabs of conventional lengths there 
is little decrease in temperature contraction because of concrete strain. Contractions 
and expansions for daily temperature cycles of 30 F vary from 0.02 to 0.10 in. at 
ends of 20- to 100-ft slabs, respectively. Maximum coefficient of friction values at 
slab ends F,’ and average coefficient of friction values F, under each half-slab are 
presented in Table 3, under consideration of coefficient of friction for free sliding 
of 1.5. 

According to the tests and field observations reported upon above, it seems un- 
likely that friction under highway slabs would be greater than 7\/a’. The evidence 
points to the likelihood that it is much less, especially for long slabs, and for normal 
granular subgrade 


*McIntosh, J. W., and Mercer, Jack, Proceedings, Institution of Civil 
V. 1, No. 1, Part II, Feb. 1952, p 227 


‘Friberg, B. F., ‘Frictional Resistance Under Concrete Pavements and Restraint Stresses 
in Long Reinforced Slabs,’' Proceedings, Highway Research Board, V. 33, 1954, pp. 167-182 


Engineers (London) 
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TABLE 3—COEFFICIENTS OF FRICTION FOR 
VARIOUS SLAB LENGTHS AND VALUES OF U 


30 F temperature drop and coefficient of expansion 0.000005 
Values of U 


30 ft: a’ 0.03 in. 
Pre-sliding 
F,’ at slab end 3! 0.85 
F, (average) 2: 0.60 
Sliding 
F, at slab end 
F, (average) 
60 ft; a’ 0.06 in. 
Pre-sliding 
F,’ at slab end 
F, (average) 
Sliding 
F, at slab end 
F, (average) 
100 ft; a’ 0.10 in. 
Pre-sliding 
F.’ at slab end 
F,, (average) 
Sliding 
F, at slab end 


F, (average) 


Summary of published information 


Frictional stresses in conventional pavements, in reinforcement crossing cracks, 
and in tie bars crossing longitudinal joints, are normally smaller than computed 
for a constant coefficient of friction of 1.5. 


Friction between the slab and the subgrade may bye considered to ck \ pin 


accordance with Fn U Va; where F, is the coefficient of nonsliding friction, 
da the movement in 1n., and l is a constant establishing the relation between 
movement and the coefficient of nonsliding frictional resistance, dependent upon 
subgrade, and pavement thickness: possibly also upon pavement length. 


Values of U indicated by past exploratory research, and applicable to daily 


contraction and expansion of large pavements in the field, are listed below: 


For thin slabs on stiff subgrades U 5 to 7 


(These may be cohesive or wet gravelly surfaces) 


For average highway pavements on 
silt, loam, or clay subgrades 


For pavements on sand cushions of 

some thickness on subgrade paper 

(This value may apply also for 

thick pavements, as used for airfield loadings) 
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Sliding friction, with a coefficient of friction of 1.5, would apply for parts of 
pavements subject to actual sliding. 


APPENDIX B—REINFORCEMENT STRESSES AND BOND AT CRACKS 
IN CONCRETE PAVEMENTS 


General characteristics 


The function of reinforcing steel provided for crack control in concrete pave- 
ments is to keep cracks substantially closed, so that the cracks are sealed against 
serious moisture and soil infiltration, and so that aggregate interlock across the 
cracks is maintained without appreciable vertical play at the lowest temperatures. 

Steel in tension across a crack stretches elastically for some distance on each 
side of the crack as the tension is gradually transferred from the steel to the 
concrete by bond. The stretch is evident in opening and closing of cracks, and 


should not exceed desirable limits of small magnitude. Permissible maximum 
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Fig. 2—Relationship between tensile steel stress in pavement reinforcement and 
crack widening for several sizes of plain and deformed bars, as suggested by ob- 
served slips at loaded end of conventional bond tests 
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tension stresses in pavement reinforcement may accordingly be dependent upon 
bonding characteristics of the reinforcement as governed by member size and 


surface and by cross-wire anchorage and spacing. 


The literature contains few experimental data applicable to pavement rein 


forcement. Data in this appendix are from readily available sources without 
claim to inclusiveness. The information is presented to illustrate the conditions 
for consideration, rather than as a specific guide to design. The few tests show 
a degree of uniformity, but it must be remembered that applicable data for re 


peated and reversed stress conditions are altogether lacking. 


Bond and slip characteristics 


Curves of longitudinal deflection of bonded bars in Fig. 2 have been derived from 
conventional bond tests of Gilkey and Chamberlin, Watstein, Clark, Menzel, and 
others, which show slip at loaded end of reinforcing pull-out tests 

Experimental data are assumed to be applicable to pavement concrete 
longitudinal stress in the concrete at the face of the crack. Crack widening is de 
fined as longitudinal deflection of the pavement reinforcement across a crack, and 
is assumed to be twice the slip at the loaded end of bond tests. Crack openings up 
to 0.01 in. are of primary interest, corresponding to loaded-end slips of 0.005 in 
these are relatively small compared to large ultimate bond-slip observations. The 
stretch cf steel across pavement cracks is therefore assumed to be elastic deflection 
as seems possible also for bond slip at these small deflections 

The increasing rate of slip with increasing load in bond tests, suggests increasing 
lengih as well as stress in the steel stretching to produce the slip. The relationship 
between observed steel stress and slips corresponds approximately to high and 
relatively constant bond stress existing over a short distance near the loaded end 
the distance increasing in direct proportion to the load 


The anticipated crack widening is assumed to follow the same relationship 


Steel stress at a crack is transferred by active bond at a high specific bond 


stress within a short distance on each side of the crack, irrespective of greate! 


bonded length of steel 
For tension stress f, at a crack in a bonded steel member with diameter d, ane 
modulus of elasticity #,, the active length of bond c¢ on each side of the crack, at a 


high specific bond stress, or bond capacity, u, is 


The constant 4 u/d is termed bond modulus B,,, related to bar surface and siz 
and possibly to concrete quality. It expresses the increase in steel stre for eacl 
inch of active bond. The total stretch of steel across a crack, which is the sum of 
the stretch on both sides, and assumed equal to the crack widening, D, may be com 


puted 


| P 
E, 


(11) 


Appraising the few experimental data from Fig. 2 we find the performance to 
correspond to the following bond capacities (bond stress computed to nearest 100 
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psi, and bond modulus to nearest 500 psi per in 


Diameter re Bond modulus 
in si psi per in 
300 000 


200 1500 
Rusty or ; 500 5500 
deformed bar 300 2500 


> 


New type #3 size 900 10,000 


deformed bar 1 size 500 4000 


These values give an indication of the approximate performance 
expected with various reinforcing materials and sizes. Computed ¢ 
for different reinforcing sizes and bond capacities or bond modulus 
Fig. 3. No information is available on change in bond and slip with repetit 
loading. The values of Fig. 3 can be used only : preliminary indicatio1 
absence of related research 

Using the data at hand, the steel stresses shown in Table 4 are indicated for prob 
able crack widths of 0.01 in. and 0.02 in. Bond stresses are in any case limited by 
steel yie'd strengih, for which an appropriate safety margin should be applied. Table 
1 includes bar sizes larger than generally used for pavement reinforcement as 


crack control 


Cross-wire anchorage 


Wire fabric and welded bar mats are provided with mechanical anchorage of 
cross wires or bars. This may be helpful in resisting progressive slip under repeated 
loading, to provide slip resistance for smoooth nonweathered material, and to resist 
unusual stress peaks 

The only available experimental evidence on influence of cross-wire anchorage 
on crack width has been assembled in Fig. 4, but the data are obscured by tensile 
strains and bond of the wire between the crack and the first cross wire on each 
side, so that the data cannot be interpreted with specific reference to cross-wire 
anchorage and deflection of the cross wires incident to such anchorage for normal 
field conditions. The advantage of welded cross wires may be noticeable for repeti 
tive conditions, especially if they are closely spaced 


Cross-wire anchorage is believed to be analogous to loading of dowels, the cross 


TABLE 4—STEEL STRESSES IN RELATION TO CRACK WIDTH 


Stee! tre ) or Active bond distance 
Bar type and diameter Biven crack \ on each side of giv 
O01 in. wide ; wide 001 in. wide 0 02 in 


Piain round weathered 
teel ld tyle deformed 


50,000 + 

39,000 50,000 + 

26,000 36,000 

20,000 28,000 
deformed 

50,000 

36,000 50,000 

29,000 41,000 

26,000 36,000 





RELMAFORCEMENT FOR PAVEMENT CRACK CONTROL 


IN. CD) 


WIDTH OF CRACK OPENING 


OR STEEL ELONGATION AT CRACK, 





BAR OR WIRE SIZE: Cd) 


(u) 


PS| 


BOND CAPACITY 








6000 B000 
BOND MODULUS, PSI. PER IN (By) 


Fig. 3—Crack widening, defined as steel elongation across a crack, corresponding 
to 20,000 to 50,000 psi steel stress at the crack, for varying bond modulus of the 
reinforcement. Also shown is equivalent bond performance for different sizes of bars 


wire acting as a dowel extending both ways from the weld, and deriving its anchor 
age from bearing against the concrete on each side of the weld, limited by bending 
in the cross wire or crushing of the concrete at the weld. Fig. 5 shows com 
puted lengths of cross wire effective as anchorage, anchorage provided at bending 
stress in the cross wire of 70,000 psi, and the deflection of the cross wire in the con 
crete to develop this anchorage, for modulus of bearing, G, between cross wire and 
concrete from 1,000,000 to 4,000,000 psi per in. deflection 

Direct bearing immediately at the weld slightly extends the available cross-wire 
anchorage. For normal size relations this length may be considered equal to the 
cross-wire size. Cross-wire anchorage capacity, based on 70,000 psi bending stress 
(approximate wire yield strength), and deflections for such anchorage, taken from 
Fig. 5, are given in Table 5 (assuming G 2,000,000 psi). Fig. 5 is a theoretical 
derivation for the strength of the cross-wire anchorage based on dowel design 
formulas.* 
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Fig. 4—Relationship between crack widening and steel stress for wire-fabric re- 
inforcement with cross-wire anchorage, derived from published pull-out and flex- 
ural tests with wire-fabric reinforcement 


No experimental verification of these anchorage values exists. Considerable un- 
certainty surrounds the value of G, especially for small wire sizes. Yielding may 
not take place in the cross wire until stresses exceed the tension yield strength by 
a considerable amount. 


TABLE 5—CROSS-WIRE ANCHORAGE CAPACITY 


Corresponding stress, psi, in 
Cross-wire longitudinal wire of size 
: Anchorage, lb. Deflection, 5 ‘ pe 
diameter, in 


0.20 in 0.30 in 0.40 in 
0.20 700 0.0020 22,000 10,000 
0.25 1200 0.0022 28,000 17,000 9,500 
0.30 1800 0.0023 58,000 25,000 14,000 
0.35 2600 0.0025 36,000 21,000 


0.40 3600 0.0027 29.000 


*Based on Fig. 5 





REINFORCEMENT FOR PAVEMENT CRACK CONTROL 
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Fig. 5—Theoretical derivation and values of strength of cross-wire anchorage, 

effective length of cross wire, cross-wire deflection at 70,000 psi, and bending stress 

in the cross wire, based on dowel design formulas,” and for three values of G 
(modulus of support of the concrete) 


An indication of the relative performance of weathered-wire bond and cross 


wire anchorage may be obtained from a comparison of the stresses and longitudinal 


deflections for bonded wire (for 0.01-in. deflection), and for unbonded wire at 


cross-wire anchorage capacities. This comparison has been made in Table 6 for 
0.20-, 0.30-, and 0.40-in. diameter wire sizes, with transverse wires 6 and 12 in 
apart 


The comparison would indicate that weathered wire surfaces may transmit by 


bond on each side of a crack a higher stress in the wires than might be transmitted 
by cross-wire anchorage alone, and with less deflection. However, the 


parison may not hold true after repeated stressing of the wires 


same com 


Experimental research of adequate scope is not available for correlation of this 


study of stresses and deflections in pavement reinforcement. The data may be con 
sidered only as tentative and qualified indications to design of steel reinforcement 


in concrete pavements 


a. For crack-control reinforcement permissible steel stress is inversely re 
lated to bar or wire size. 





OF THE AMERICAN CONCRETE INSTITUTE 


TABLE 6—COMPARISON OF STRESSES AND 
ANCHORAGE DEFLECTION FOR DIFFERENT SIZE WIRES 


performance Anchored performance » bond)* 


Deflection 6 in 
in on center 
600 58,000 , 22.000 0.0020 0.009 0.013 
100 43,000 ' 25.000 0.0023 0.010 0.015 


500 33.000 29 000 0.0027 0.012 0.018 


b. Pending further research, it would seem practicable 
holding cracks to .01-in. opening 
c. Permissible reinforcement stresses of 25,000 to 35,000 psi are indicated 


by available experimental evidence for !,-in. and smaller reinforcement mem- 
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Fig. |—Top portion is plan view of top flange of girder. Lower part shows section 
through structure 


detail at the knuckle but would also necessitate large columns, footings, and 
probably tension ties at the footing level. Estimates indicated that the girders 
would weigh 40 percent and the precast panels 25 percent of the total roof loads. 

I:stimates also indicated that with total restrainment of the roof girders into 
the columns for the full live and dead loads, horizontal thrust at footing level 
would be approximately 100 percent of the maximum column reaction. With 
restrainment for live load and the dead load from only the roof panels, the thrust 
would be about 55 percent; with restrainment for live load only the thrust 
would be about 33 percent of the maximum column reaction. 

Foundations were to b spread footings on clay and it was felt that for this 
condition the ratio between horizontal thrust and vertical reaction should not b 
more than 1:3. This ratio permitted an economical footing design and it was 
therefore concluded to induce frame continuity only after the roof panels wer 
erected on temporarily simply supported girders. It was felt that a simple tem 
porary support of the girders could best be achieved by providing a rocker beat 
ing over the slightly rounded top surface of a rail bulb. Fortunately, it was 
found that the largest AREA rail had just sufficient bending strength to bridg« 


the temporary girder reaction across the space between the twin columns. 


Various means of achieving the continuity for live loads between column and 


roof girder were considered. This could have been done without prestressing by 


either welding together or lapping bars projecting out of columns and girders 


The choice of twin columns to facilitate the lifting did not lend itself too well 


to such a detail, especially since it was desirable to bring the full column cross 
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section up to the top level of the roof girders to provide a proper seating surfac« 
8 | pro} & 


for the lifting mechanism. A groove and mortise joint as used in carpentry work, 


with end blocks projecting out of the beam sides and pressed against the column 
faces, seemed more practical. 


DESIGN DETAILS 


Fig. 1 shows a typical cross section through the frame structure and a plan 


view of the top flange of the girder. Fig. 2a is a cross section through the girder 


near the midspan, and Fig. 2b, an end view at the connection between girder 


and column. 
Columns were conventionally constructed, but of 4000-psi concrete to provide 
sufficient strength for the final prestressing ol columns to girders. 


| 


The girders were of SO00-psi concrete. Their top flange was made wide to re 


sist the large positive bending moment at midspan and of equal width at the 


out-to-out dimension of the twin columns. Note the arrangement of six 


.) 


vertical 
stiffening ribs per girder and the opening provided in the web at midspan to 
facilitate walking at the roof level. The bottom flange was shaped to accom 
modate the placing of the precast roof panels. It was provided with reglets above 
the slab level to receive the roof flashing. 
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Fig. 2a—Cross section through girder Fig. 2b—End view of girder 
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kach precast panel had an 
chor plates cast into the bottom 
of one rib, to match with sim 
ilar anchor plates along th 
bottom flange of the roof gir 
rar rs. The se anchor plates were 
welded together and the joint 
between end face of panels and 
girder was grouted to provide 
a rigid lateral support to the 
girders. 


A web thickness of 8 in. was 


4 assumed to keep the principal 


tensile stresses below the per 


Fig. 3—Piywood forms for casting girder. Ap- 
proximately positioned conduits each contain 
12 prestressing wires 


missible value of 150 psi. This 
width also permitte d “draping” 
of the 16 prestressing units; 
each unit consisted of twelve 0.250 in. diameter wires with an ultimate strength 
of 240,000 psi. Calculations for prestressing were based on design criteria recom 
mended by the Bureau of Public Roads. 

Prestressing of the girders to the twin columns was made with similar 12-wire 
units, 8 ft long, eight units located on each side of the girder. All anchorage 
hardware was of the so-called “PI” system using two upsets at either end of the 


wires, one for pulling and one for anchorage, as shown in the illustrations. 


Fig. 4—Forms and _ rein- 

forcement for girder were 

placed between the already- 
cast columns 
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CONSTRUCTION PROCEDURE 


Fig. 3 shows one side of the plywood forms in place during girder construc 
tion. The bottom soffit had a camber of 2 in. and was placed on 2 x 4-in. sleepers, 
6 ft long at 8-in. centers, to distribute the load on the ground floor slab. Flexible 


conduits of 1% in. inside diameter, each containing 12 prestressing wires, were 


fastened to stirrups and ties. As shown in this figure, they were first placed ap 


proximately. They had to be draped both vertically and horizontally, being 
located as low as possible in the bottom flange as shown in Fig. 2a and disposed 
in two vertical rows at the support (Fig. 2b). Fixing cables in exactly scheduled 
positions was done by tying to stirrups spaced at 18 in. and finally smoothing 
out curve of cables by tapping units with a mallet. 

A *%-in. space between columns and girders was obtained by lining adjacent 
column faces with ¥%-in. plywood (Fig. 4) backed by % x L-in. steel straps. Ply 
wood in the %-in. joint was easily stripped because steel straps were pulled out 
first. Fig. 4 also shows mild steel reinforcement in the anchor blocks of the gir 
der. Fifty cu yd of concrete per girder was placed with a yd bucket on a 
20-ton Lorrain crane. It was a 64,-bag mix with a slump of 3 to 4 in. The forms 
were completely filled at one end and placing progressed Lo the other end One 
electric vibrator was used with a 1'4-in. head for the narrow web, and with a 


1*4-in. head for the flanges. 


About 7 days after casting when the concrete had obtained a minimum strength 
ot 4000 psi, the girders were completely stressed on the ground. Two 100-ton 


Simplex hollow core jacks (Fig. 5) with a Y,-hp hydraulic pumy 


p wer used for 


Fig. 5—Girder stripped atter casting. Braced forms for another girder are in back- 
ground. Hollow core jack and hydraulic pump in use for prestressing 
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Fig. 6—Arrangement of Fig. 7—Girder during lifting. One section of lifting 
lifting yoke and rods rod and coupler already removed 


stressing the wires, one at each end of the units. Total elongation per unit 


varied between 10, and 10% in., depending on degree of draping. While stress 
ing, the original camber of 2 in. was increased by 7% in., but this upward defle: 
tion was finally canceled out by the weight of the precast roof panels. 

Fig. 6 shows the arrangement of the lifting yoke, the 2-in. lifting rods with 
\4-in. Acme thread and a short steel anchor beam at the bottom. The anchor 
beam served to distribute the pull from the lifting rods into four 1'4-in. round 
removable Richmond anchor bolts which were embedded 11 in. in the concrete. 
Same jack and hydraulic pump visible on top were used for prestressing (Fig. 5). 

Lifting rods were in 20-ft sections, with a coupler as shown. The lifting yoke 
was made in two tiers; the upper tier was for the support of the jack, while 
the lower tier served to support a take-up nut on the lifting rod. Note the eight 


holes at the top in both ot the twin columns. Short prestressing units were inserted 
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— rs S = 


Fig. 8—All girders in position, on temporary simple supports 


there later to make connection with the end blocks of the beam 

Fiy. 7 shows a girder during lifting. One section of the lifting rod and th 
coupler which was shown in Fig. 6 have been removed. During removal of th 
unit the beams were temporarily held on two 8 x 8in. timber uprights wedged 
between the twin columns as shown in this figure. 

After all gird rs were raised to proper position (Fig. 8), te mporarily supported 
precast roof panels were placed by crane. A simple plank scaffolding projecting 
out at either beam end served for placing the end connecting cables. The girders 
took their tree deflection while rocking on the railroad rails 1rse rted betw en the 
twin columns. 

Girders and columns were finally connected (Fig. 9) by 12-wire units, which 
were inserted through holes at the top of columns and into corresponding holes 
in girder end block. The eight short units on each side of the girder were pre 
stressed with a 60-ton jack and hand pump to join girder and column. A hand 
pump was used since the required elongation was only % in. 

All units were grouted after prestressing to fill the spaces In the surrounding 
flexible tubing. Fig. 10 shows the operator standing on the precast roof panels. 


The space between the end of the root pane Is and the girder Was tightly filled 


Fig. 9—Girders finally con 
nected to columns by stress- 
ing end block to columns 
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Fig. 10—AIl units were 
grouted after prestressing to 
fill spaces in flexible tubing 


with mortar and covered with sloping concrete corner fill which not only pro 


vided stability for the girder but also facilitated the application of flashing. The 
flashing was later caulked into the reglet along the beam, which can better be 
seen in Fig. 9. 

These construction procedures made it possible to raise the 104-ton girders by 
a simple application of regular prestressing equipment, without tying up heavy 
cranes. One set of side forms, together with three sets of soffit forms, permitted 
a weekly casting cycle and the raising of one roof girder per week. Cost was 
$4500 per girder in place, equivalent to about $2.50 per sq ft covered area, or $170 
per cu yd of concrete. 


STABILITY REQUIREMENTS DURING CONSTRUCTION 


The fact that the roof girders were prestressed and lifted before they wer 
he ld In position horizontally by the precast roof slabs called for special investiga 
tion as to their stability during the intermediate construction stages. This re 
quirement proved to be harder to meet than the stability requirements for the 
completed structure, 


It has been well established in the literature that there does not exist a buck 
ling danger due to prestressing force in a straight or curved concrete column as 
long as the force induced in the prestressing members or member is located di 
rectly in the center of gravity of the concrete section. Any bending moment du 
to prestress resulting from a lateral deflection would be immediately counte: 
acted by an equal and opposite bending moment due to the resistance of th 
taut prestressing unit. This phenomenon is sometimes misleadingly interpreted 
to mean that there is never any buckling danger in a prestressed member. Any 
same buckling 


asoned that a 


outside force on a prestressed concrete member will produce th 
effect as if the structure were not prestressed. In fact, it may be re 
prestressed column will buckle earlier than a nonprestressed column becat 


a lowering of the modulus of elasticity with the added compression di 
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stressing, as can be noted in a stress-strain curve for concrete. |] his appar nt dis 
advantage with a prestressed compression member is, however, overcome by 
the fact that a prestressed concrete member behaving elastic lly will deflect less un 
der lateral loads than a nonprestressed member, because it will not crack during 
the early stages of deflection like ordinary concrete does 

When investigating the buckling safety of a prestressed roof girder with vet 


tically draped and grouted prestressing members, it can also be reasoned that 


there is no buckling effect in the vertical girder plane Anv buckling effect du 


to the vertical curvature of the cables will immediately be counteracted in this 
plane by an equal and Opposit force exe rted DY the bye nding moments in the con 
crete, 

The horizontal or lateral buckling effect due to a relative horizontal displace 
ment of the position ol the top and bottom flanges will, however, be similar to 
the torsional buckling in narrow I-beams. In narrow strip or I-beams such lateral 
buckling effect is practically independent of their great vertical stiffness and 
principally depends on the horizontal stiffness of the flanges and the torsional 
resistance of the total section. 

Similarly with draped prestressing members, we can assume a great vertical 
stiffness which, however, is not contributing to the lateral stability. The stat 
ment found in the literature that a beam cannot buckle due to the prestressing 
force in the cables, merely applies to the action in the vertical plane. If the girder 
is narrow, it will still have a buckling tendency in the lateral direction. 

Usually, as in the auditorium structure described, where the girder was cast 
on a stiff ground floor slab, the uplift forces from the draping of the cables are 
canceled by the dead weight of the girder. 

If girder is cast on a resilient soffit base, the base may push upward, while the 
beam is deflecting upward during prestressing. In such case the dead weight of 
the beam may not cancel out the upward push due to the drape of the prestress 
ing units. If at the same time, the supporting base offers no lateral resistance or 
permits an angular motion of the beam cross section, a relative lateral displace 
ment of the beam flanges may occur during prestressing, causing stability 
problems. 

A similar condition can also occur if during lifting a prestressed girder ac 
cidentally rests on an obstruction along the center of the span. This is a particular 
danger with prestressed beams made of a series of precast blocks and can cause 
an immediate failure by buckling or bending where narrow flanges are used. 

In the auditorium girders, eccentricity due to the haunched shape of the beams 
also caused a concentrated upward force acting in the center of the beam, not 


counterbalanced by the dead load ot the girder. The girder stability was cal 


7 


culated with the conventional formulas for lateral buckling of beams,** which 
are based on the torsional rigidity and horizontal flange stiffness of I-beams. 
Their application indicated a sufficient factor of safety during the various con 
struction phase S. 


Literature on prestressed concrete hardly mentions the importance ol stability 
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problems during erection. Leonhardt* in his recent book enumerates those prob 
lems and promises further data in a future edition. An early discussion is highly 


desirable. 
STABILITY REQUIREMENTS FOR COMPLETED STRUCTURES 


The ACI Code requires (Sec. 704) that the clear distance between lateral sup 
ports shall not exceed 32 times the least width of the compression flange. Had 
the roof slab been placed at the top along the compression flange, this ruling 
would obviously not apply for the final building condition, since the slab would 
offer a continuous lateral support. The principal question raised was: what lateral 
stiffness, if any, does a root slab offer the girder when it is not located directly 
at the level of the compression flange? 

The chosen economical width for the top flange was 3 ft 10 in. and the clear 
distance between column faces was 138 ft, or 36 times the flange width. The 
easiest solution would have been to widen the top flange 4 in. The code require 
ment would then be met for the case that no roof slab is available for lateral 
stiffness, but girder weight would increase 4 percent. 

The code, however, merely states a ruling for required stiffness between 

lateral supports.” Certainly a slab located between top and bottom flange rep 
resents lateral support. Many long barrel structures have been built in this 
country with narrow supporting girders projecting upward attached to the thin 
shell. The writer has checked the lateral stability of a number of these and found 
it satisfactory. If a 3-in. moderately curved shell slab at the underside of a girder 
provides lateral stability, why should not a stiff-ribbed precast slab be expected 
to provide lateral stability as long as the slab panels are properly connected to 
the lower flange of the girder? 

It is necessary to check not only the elastic support offered against buckling 
by the roof slab but also whether or not the web of the girder has the necessary 
strength to transmit the lateral stiffening action of the roof slab from its con 
nection at the bottom flange to the top flange. Vertical stiffening ribs had been 
22-ft 


provided at about Spacing, so that this small distance might have been r¢ 


yarded as the spacing of lateral supports. 

Actually the elastic stability for the top flange in the horizontal direction was 
calculated with the problem of beams on elastic foundation subjected 
izontal thrust equal to the compressive force in the top flange.’* A 
foundation modulus k was obtained by applying a unit live load horizontally 
along the top flange and calculating the resulting horizontal deflection, consider 
ing the elastic restraint of vertical flange into a sinuously deflected roof slab. It 


was found that the calculated factor of safety for the regular Euler buckling load 


of the top flange, assuming hinges at both ends of the 138-ft clear span, was only 


1.37. A similar factor of safety considering the elastic lateral support of the roof 


slab was several hundred times this amount. 


*Leonhardt, F., Spannbeton fur die Praris, Wilhelm Ernst & 





AUDITORIUM WITH PRESTRESSED GIRDERS 


The ACI Code nowhere specilies outright the minimum factor of safety for 


buckling in a concrete structure. Sec. 1107 only permits compression members 


with a maximum length of 20 times the least lateral dimension, and Sec. 704 


permits a beam span of 32 times the flange width. ACI Committee 312—Plain 


and Reinforced Concrete Arches—is recommending a design procedure based 
on ultimate strength. 

The roof girder for the Springfield auditorium is 7 ft deep at the center and 
> ft 6 in. deep at the ends. Therefore the center of gravity of the girder is higher 
at the center than at the ends. This produces an arch action when considering 
the restraint into the columns. Is it therefore an arch? Clearly whatever reason 
ing we apply to the stability of an arch should tie into the requirements for sta 
bility of a frame and finally to the stability of a simple beam. It seems therefor 
that proof of a minimum factor of safety for buckling in all concrete structures 


to be calculated with the elastic theory should be a basic code requirement 
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For such discussion of this paper as may develop please see Part 
2, December 1957 Journal. In Proceedings V. 53 discussion im- 
mediately follows the June 1957 Journal pages. 
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Introductory paper of a four-part 
series on lightweight concrete 


Properties of Lightweight Aggregates and 
Lightweight Concretes* 


SYNOPSIS 


Presents condensed history of use of lightweight aggregate. Light 
weight concrete is divided into: cellular or foam concrete; no-fines or 
“popcorn” concrete; and lightweight-aggregate concrete. Properties 
of lightweight concrete are summarized. Lightweight aggregates 
both mineral and vegetable, are enumerated, and the desirable and ac 
tual properties of lightweight mineral aggregates are discussed in 


some detail 


HISTORY 


Lightweight agyrevate was probably first used by thi Roman who embedade | 
large pieces ol pumice 1n the walls and domes of some of thei larger buildings 
From the fall of the Roman ¢ mpuire until the present century only small amount: 
ol lightwe ight agyregates were used. 1 he (sermans started using slag mn te )2, and 
slag as concrete aggregate was first used in the United States in 1890. Cinders from 
coal-burning furnaces were used early in this century in 
United States. Millions of cubic yards of sand-cinder con 
example, in New York City. In 1918 the granting of the 
the production of bloated clays and shales brought another 
into the American market. During the past 20 years other mat 
vermiculite, and perl have been widely 1 Cellular or 
been developed and have had their greatest use in Europe. Pat 


obtained as ly as 1914, and m 


contribut 


lattes | 


each. Discussion pir in triplicote) 
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time a radical change in building design was brought about by the introduction of 
structural steel and structural concrete. The old method of designing buildings 
to carry loads by means of heavy load-bearing walls was discarded in favor of a 
design method in which the load was carried by a framework of beams and 
columns. Lightweight aggregates and the new design method made possible the 
construction of skyscrapers and long-span bridges. While the saving in wall and 
floor weight was extremely important, it was not, however, the only important 
problem. Thin walls created heat insulation problems, and lightweight aggregates 


also he Iped to solve this problem. 


TYPES OF LIGHTWEIGHT CONCRETE 


Livhtwe ight concrete can be produced by the use of air or lightweight ayyregaices 
or combinations of both. Table 1 outlines the more important methods now used 


to produce lightweight concrete, 


TABLE 1—TYPES OF LIGHTWEIGHT CONCRETE 


Lightweight 
Ce ar é No-fines or “popcorn” 
ellular or foam No-fin« yr “popcorn aggregate 


concrete concrete 
ncret | ‘ t concrete 


Type 


\Air and/or specially 
Lightweight graded no-fines aggre- 
caused pri jgate (either light- 


|> 


Lightweight 
aggregate 
marily by weight or dense aggre- 

gate) * 

| 


Moist cured |\Moist cured 


Portland cement, water, |Portland cement, water, 
foaming agent--may also|foaming agent, light- 

contain siliceous weight coarse aggre- 
sand, silica, fly ash zyate, siliceous pea 


gravel 


|Comparable to 
onventional con- 
rete ingredients 


or 
i\Portland cement, water, 
Typical mix pecially graded light- 


‘xcept for use of 
ingredients | jweight coarse aggregate 


lightweight vege- 
able or mineral 
aggregate 


Autoclaved Autoclaved 

Portland cement, water, |Lime, silica, water, 
foaming agent, lime, foaming agent, light- 
silica, fly ash, ex- weight coarse aggregate 


panded shale or slate 





dust, volcanic ash, 
pumice dust 





*See Forlani, Roberto, ‘‘No-Fines Concrete,’’ ACI JourNnaL, Feb. 1950, Proc. V. 46, p. 477, and 
Valore, Rudolph C and Green, William C Air Replaces Sand in ‘No-Fines’ Concrete 
ACI JourNnat, June 1951, Proc. V. 47, p. 833. Both references treat no-fines concrete made with 
ordinary-density aggregates 





LIGHTWEIGHT AGGREGATES AND CONCRETES 


Cellular or foam concrete 


When a large amount of air is incorporated to reduce weight the resultant prod 
uct is frequently referred to as foam or cellular concrete. This type of concrete 1s 
usually made of portland cement, water, and foaming agent, and may contain 
lime, silica, fly ash, expanded shale or slate dust, volcanic ash, or pumice dust. 
Cellular concrete contains a large amount of entrained air or gas, usually exceed 
ing 25 percent, in the form of small bubbles which create a texture similar in ap 
pearance to sponge rubber; it is either moist cured or autoclaved. Valore* has 
discussed in detail the methods of manufacture and uses of this material. 


Properly made, foam concrete has satisiactory strength combined with light 


weight and low thermal conductivity. It can be produced in a wide range of den 


sities and properties which may be varied to suit specific requirements. It can be 
easily molded to any desired shape, and the lighter types can be worked with wood 
working tools. It is reasonably durable, noninflammable, and has yood resistance 
to fre. With large-scale production its cost per unit volume is comparable with 
that of ordinary concrete. The chief disadvantages are its hig’) setting and drying 
shrinkage and the dimensional changes arising from variations in mo.s‘ure content 
These disadvantages can be partly overcome by high-pressure steam curing. Th 
lower and medium density grades have comparatively low resistance to abrasion 
and mechanical damage and should be protected. The production of uniform prod 
ucts with the desired properties requires considerable technical skill and experience 


and close control of the manufacturing process. 
No-fines or “‘popcorn” concrete 


In another type ol lightweight concrete, air and either dense or lightweight 
coarse aggregates are used to make a product known as “no-fines” or “popcorn” 
concrete, usually having an air content between 20 and 40 percent. These high 
air contents are obtained by the use of foaming agents or by the use of specially 


graded Coarse aggregates. 
Lightweight-aggregate concrete 


A third method of making lightweight concrete involves the use of lightweight 
aggregates. This method is by far the most important currently in use in the United 
States. Proper control of the manufacturing process, type and grading of aggregate, 
mix proportions, and curing method results in a wide variety of uses of lightweight 
concretes, made principally with mineral aggregates. 

As shown in Table 2, lightweight aggregates may be considered under two 
headings—vegetable and mineral. The vegetable aggregates, with the possible ex 
ception of sawdust, have not been as widely used as mineral aggregates. Studies 
have been conducted on over 200 different organic materials, and test results on 
some of them have been considered encouraging. Sawdust especially has been used 
to some extent in this country, and has been extensively used in England and on 


the Continent to make such products as precast units for portable housing, flooring, 
*Valore, Rudolph C.. Jr Cellular Concretes ACI JOURNA May 1954 and June 1954. Proc 
V. 50, pp. 773-796 and 817-836 
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TABLE 2—LIGHTWEIGHT AGGREGATES 
Vegetable Mineral 
Seaweed By-product E.cpanded 
Cinders Slag, clay, 
Straw shale, perlite, 
Natural vermiculite 
Cork Pumice 
Scoria Sintered 
Sawdust Tuff Clay, shale, 
fly ash, diato- 
Mineralized sawdust mite, colliery 


waste 


subflooring, precast building units, and cement lumber. It has excellent insulating 
value and light weight, but its use should be limited to situations where high 
strength is not a requisite and where moisture is either not present or is largely 


prevented from entering the concrete by some protective method. 


PROPERTIES OF LIGHTWEIGHT CONCRETE 


Table 3 summarizes the more significant properties of various important types 
of lightweight concrete. The values for each property and for each type of concrete 
represent only the range in which most of the values are normally found. No at 
tempt has been made to present extreme ranges, and the decisions regarding in 


clusion or exclusion of values have necessarily been arbitrary. The range in values 


is usually large because of the large possible variations in type and properties of 


raw materials, mix proportions, and manufacturing and curing methods. 

On the basis of data in Table 3, the following statements may be made: 

1. In comparison with conventional concrete which weighs about 150 lb per cu 
ft, lightweight concrete varies between 20 lb per cu ft for light insulating concret 
to 115 Ib per cu ft for structural concrete. 

2. The strength of lightweight concrete varies from low values for insulating 
concrete to values for structural concrete that compare favorably with those for 
excellent grades of conventional concret 

3. The modulus of elasti ity of lightweight concrete varies from about 30,00 


psi tor insulating concrete to 2 


300,000 psi for structural concrete. The modulus of 
elasticity of lightweight structural concrete is usually about one-half to two-thirds 
that of conventional concrete of the same strength. 

+, Water absorption by volume of lightweight oncrete varies from about 5 
percent for good grade structural concrete to about 50 percent for insulating con 
crete. 

5. Drving shrink ive ol lightwe ight concrete Is variable, usually ranving b twecn 
0.01 to 0.50 percent. The effectiveness of autoclave curing in comparison with 
moist curing in reducing drying shrinkage is shown for cellular concrete. 

6. The coethcient of thermal expansion for lightweight concrete is usually about 
the same as that of ce nventional concrete, except that the value for lightwe ght 


masonry unit concrete is usually smaller. 





LIGHTWEIGHT AGGREGATES AND CONCRETES 


TABLE 3—PROPERTIES OF LIGHTWEIGHT CONCRETE 


Cellular Concrete made with lightweight mineral 
Property concrete 
Insulating ) y ni } ictural 
Dry specific weight X60 20-80 5 115 
Ib per cu ft 
Compressive strength 100-2000 50-1000 | 000) 5000 
p 
Modulus ¢ tt 50-500 15 150 
p 


Modulus o 70-500 





20-45 percent 15-50 percent 


hrinkage 0.01-0.15* 0 05-0.50 
ercent | 005-0. 50" 





Coefficient of thermal cp 4.5-7.0 
ion per des 
Thermal conductivi 


*Autoclave 


st curing 


7. The thermal conductivity of lightweight concrete is less than that of conven 
tional concrete. Values for insulating and for cellular concrete, 0.5-2.0 Btu per sq 


ft per hy per deg F, are especially notable. 


LIGHTWEIGHT MINERAL AGGREGATES 


Lightweight mineral aggregates are produced from natural deposits of pumice, 


scoria, volcanic cinders, tuff, and diatomite; from industrial cinders; by the appli 
cation ol he at to ¢ xpand ( lay, shale, slate, diatomac eous shal » pe rlite, obsidian, and 
vermiculite; and by expansion of blast-furnace slag by cooling under more or less 
controlled conditions. Thes« ayyreyaltes and methods of manufacture are de 
scribed in some detail by Price and Cordon.* 

ra : 

The desirable properties ol lightwe ight mineral iwyreyvaltes are summarize d be 
low. iby pe nding on the Spc in 1ob, certain charac teristics may bye ol muc h yreatel 
importance than othe rs. 

1. They should be uniform in composition and properties 
2. They should be suitably graded for their intended use, and the desired 
grading should be maintained 
3. They should have a low specific weight to provide a worthwhile saving 
in the weight of the structure and the desired special properties associated 
with light weight, such as high thermal insulation 

4. They should have a large number of small, well dispersed internal voids 
but should have a minimum number of large external voids that have to be 
filled with mortar or paste 

5. Individual pieces should have adequate strength and should be firm and 
hard enough to withstand handling and mixing without size breakdown 
4 4 B 
6. The particles must bond well with the cement paste and be inert chemical 
ly with respect to reactions with both cement and reinforcing steel 
7. They should have good resistance to weathering, moisture, insects, and 


fungi 


*Price, Walter H in ord f | Test f Lightweight-Agg 


signed for Monolithic Constr ion ; URNAL, Apr. 1949, Proc. V 
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LIGHTWEIGHT AGGREGATES AND CONCRETES 


Lightweight aggregates of a given type are apt to vary considerably becau: 


differences in source of raw material and method of manufacture, This is of con 


siderabl importance because changes in the aggregates will obviously be reflected 


in the concrete made with them unless special precautions are taken. The tendency 


ot some lightweight agyvrevates to produce harsh, segregate 1 « ( 1 
come by proper proportioning of mix, or by additions of air-entraining or other 


workability agents. Lightwe ight mine ral avgyvrevates ven 


Ove! 


rally have higher absorp 
tion values and lower thermal conductivity, compressive strength, and unit weight 
than the conv ntional aggregates such as natural sand, vravel, stone, and air-cooled 


slag. With the exception of cinders, they re also likely to cost mor 


For Most Uses lightweight agvrevates should be tree trom h irmitul amounts ot 


reactive with alkali sin cement, unhyds i ed pieces ol hard burned lime 


or magnesia, calcium sulfate or unstable iron compounds, organi 


impurities, un 
' ' ' , 
burned clay part ics, OF other loreign materials which ad iy allect the 


ance or ar sirable properties. Lightweight ivyereval 


should hav an ignition loss not nh €Xcess ol ) pel 


units, with the exception of cinders, should have 

Lightweight agereg: t for masonry 
should have a proven r¢ ord ) iSla \ fur 
pess appropriat durability tests 


Grading 


Lightwe ight agyregal 


and frequently are available only 


ny and un Vi 
requirements oO} lightweight mineral aggres ‘ given in ASTM 

T. Lightweight Aggregates for Structu 

rregvgates tor Concrete Masonry Unit 

gregates for Insulating Concrete. Table 4 shows unit weig] 
bined hin and coarse agyrcevatles Viven in the sc sl indard:s 
ind vermicull » be used in the manufacture of insulating 

To assure reasonable uniformity in yradiny, the fineness 


gate may not differ by more than 7 


" ' 
modulus of the aveyre 


percent from that of th mpl submitted for 
acceptance, If it does not meet this requirem« nt, the ager he rejected un 
less it can be shown that the agvregat will produce oncrete ol the required char 
, 


also requ red that the unit weight ol 


ive shipments of the 


1] | | | 
aggregate shall not differ by more than 10 percent trom that ol the sample sub 


mitted for ac 


Table 5 
sorption, and 
gates, It shoul 
they do not in 


1 
diues may 
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differences between the values for fine and coarse aggregate of a given type. Fine 


aggregates, for example, are usually heavier and absorb less water than coarse ag- 
gregates, 

While variations in the method of filling and compacting the measure used to 
determine unit weight influence the results obtained, the values given in Table 5 
may be considered as loose dry weights. 

sulk specific gravity and absorptions are not easily determined for lightweight 
aggregates because of their rough vesicular surfaces and because of the differences 
in the absorptive properties of the various sized grains. As far as possible the meth 
ods given in ASTM standards C 127-42 and C 128-42 are used. Where the standard 
procedures for determining absorption have been impracticable the Bureau of 
Reclamation has used a dilution method. The method consists essentially of adding 
a supersaturated aggregate sample to a calcium chloride solution and noting the 
dilution by means of a special hydrometer. The weight of the free water thus de- 
termined is then subtracted from the total water to give the weight of the ab 
sorbed water. 

The crushing strength of lightweight aggregates is determined by placing under 
light compaction a 5-in. depth of graded aggregate in a steel cylinder having an 
internal diameter of 3 1/32 in. and an external diameter of 6 in. A piston 3 in. in 
diameter is then pushed down against the aggregate and simultaneous readings of 
load and depth of compaction are noted. Correlation between aggregate and con- 
crete compressive strengths is usually possible only in a general way. 

Additional aggregate properties are indirectly specified in terms of their perform- 
ance in concrete. For example, lightweight structural and masonry unit concretes 
are limited by ASTM specifications to a maximum drying shrinkage of 0.10 per- 
cent. Thermal conductivity of insulating concrete made with lightweight aggregate 
is specified not to exceed 1.50 Btu per sq ft per in. of thickness per hr per deg F 
for 28-day oven-dry concrete weighing less than 50 lb per cu ft. It cannot exceed 
3,00 Btu per sq ft per in. of thickness per hr per deg F for concrete weighing up 
to 90 Ib per cu ft. 


For such discussion of this paper as may develop please see Part 
2, December 1957 Journal. In Proceedings V. 53 discussion im- 
mediately follows the June 1957 Journal pages. 
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Structural Lightweight-Aggregate Concrete* 


SYNOPSIS 


Properties of structural lightweight-aggregate concrete are treated 
including a discussion of the proportioning and control of concrete 
mixtures containing lightweight aggregate, some of the physical char 
acteristics of plain concrete, as well as certain structural properties 
of reinforced lightweight concrete with comments on their relation 
to the design of structural elements. This is an attempt to gather to 
gether all of the related data available, both published and unpub- 
lished, and present this information as a guide in the use of light 


weight aggregates for structural concrete 


INTRODUCTION 


The information contained herein covers primarily the expanded shale- and 


claytype aggregates, expanded slags, and pumice. It should not be construed 


that thes« re} 
They merely happen to be the only types for which a reasonable quantity of in 


resent the only lightweight aggregates suitable for structural concrete. 


formation was ‘ y obtainable. Certainly th majority ol lightweight ayvyre 
gates in Current use ror struc tural concrete are re present d by thes yroups. This 
report is cot strictly to lightweight aggregates. Some lightweight structural 


concretes include blends with natural s 1 to in S rength o certain 
other prop . Such combinations pres sense, sp | cla of light 
weight concrete and were not conside: withi scope of th wt. Further, 


the information contained herein pertains 1 ‘1 ; having a plasts Nsistency 


when cast, aS distinygul hed Irom pres > ny} | ) I us masonry 


units. 


Definition of lis he purpo: this report, 


lightweis es | Iral ncret ] I rarily cons ] I al weighing 


Discussion mn triplicate 
182¢ W. McN Rd., Detr 
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not more than 115 Ib per cu ft and one developing a compressive strength not 
less than 1000 psi. Although some concretes of lower strength are included, they 


are presented to indicate a trend of certain relationships. 


Sources of information—In addition to exploring considerable material in the 


technical literature pertaining to the subject, information was obtained from 


descriptive brochures available from the lightweight-aggregate industry and 


from commercial laboratory reports. Many unpublished results of tests conducted 
by aggregate-producer associations were made available for study. In all, some 
45 references in the form of technical papers, articles, and abstracts were 
examined for pertinent information. A selected list of references used directly 


in the preparation of this report is appended. 


PROPORTIONING AND CONTROL OF LIGHTWEIGHT- 
AGGREGATE MIXES 


Aggregate gradation 


Experience both in the laboratory and in the field generally indicates the 
desirability of proportioning lightweight aggregates to give a higher percentage 
of fine material than is usual with the conventional heavier aggregates. Such 
practice is understandable since many lightweight aggregates are sharp, angular, 
and sometimes rough in texture; on the other hand, too much fine material 
produces an uneconomical mix. The usual ratio of fine-to-total aggregate by 
loose dry volume lies between 50 and 60 percent depending upon the maximum 
size aggregate, the particle shape, the individual gradation of the fine and coarse 
sizes, and whether the concrete is to contain entrained air. 

The American Society of Testing Materials in its C 13042* specification for 
lightweight aggregates defines the limits of fine and of coarse material passing 
standard sieve sizes. The standard for fine is almost identical to that for natural 
sand, but the two are not comparable because the percentages passing are based 
on weight, and substantial differences in specific gravity of the various fractions 
ol lightweight ayyrepgate exist that do not occur in natural dens« sands. 

Such standards are primarily a guide for general use. The ultimate objective is 
to obtain a combined gradation of fine and coarse material which will produc 
a workable mix, economical in cement for the quality of concrete desired. It 
1S generally considered, and there is no speci evidence to the contrary, that 
aggregate which gives a uniform gradation curve will usually produce the most 


satisfactory results. 
Air entrainment 


It is generally recognized that the most effective method of producing workable 
concrete without increasing the water requirement or the unit weight 1S through 
the use of entrained air. Air entrainment tends to reduce segregation, bleeding, 


and if anything, tends to reduce the water requirement. The effect of air entrain 


) has since been lace ) * 330-53T * 331-53T, and C 332-54T 





STRUCTURAL LIGHTWEIGHT-AGGREGATE CONCRETE 


Fig. |—Harsh mixtures with and without air entrainment 


ment on the reduction of segregation is illustrated in Fig. 1, which shows two 
mixes containing identical proportions ot cement, lightweight agyregatc, and 
water: one contained entrained air and the other not. There exists a limit beyond 
which entrained air will cause a reduction in strength of lightweight concretes, 
but apparently that limit 1s somewhat above that for dens« aggregate concretes 


Murlin and Willson’ state “. . . that for a given volume of entrained air 


the reduction in strength is about half as much for small aggregate as for large 
| 


aggregate. In other words, twice as much air can be entrained in small-aggregate 
concrete with the same loss of strength as for large-aggregate concrete.” Neither 
the total quantity of air entrained which causes this reduction in strength nor 


the method of measuring the amount of air was indicated. 


The optimum quantity of air is probably closely related to gradation and, as 
pointed out above, to the maximum size of aggregate. Therein lies a field for 
further study, lor al bubbles may, in a sense, by considered as ayvvrevatl whi hy 
promotes both workability and reduction in weight, and within certain limit: 
without sacrifice in strength. 

Murlin and Willson’ suggest that about twice the amount 
solution (air-entraining agent) specified for heavy concrete be 
1 to 2 oz per sack. Kluge, Sparks and Tuma’ used as high as 0.05 percent 
neutralized Vinsol resin by weight of cement. This would amount to about %4 07 

r sack. The maximum used by Green and Watstein” was 0.04 percent, and 
this for the leaner mixes. The latter also reported air content: 
cent 1n expanded shale ind 2s per ent in expanded slag {) 
should be pointed out that these were relatively weak concr 
less. For the stronger concretes this figure was nearer 10 per 


1 


that the more rough vesicular, ind sharp the surtaces 
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are, the more air entrainment necessary. In view of the lack of definite information 
it would appear prudent perhaps to use as little entrained air as is necessary to 
provide the desired workability. However, some air entrainment is highly 
desirable from the standpoint of durability or resistance to freezing and thawing. 
This has been effectively demonstrated for both dense- as well as lightweight 
ayyrepate com retes,” . 

Some methods of measuring entrained air are not entirely satisfactory when 
applied to lightweight-aggregate mixtures. The air-meter method, for example, 
measures not only entrained air but the air confined in the unfilled surface voids 
of crushed aggregates. The ASTM gravimetric method requires an accurate 
value of the aggregate’s specific gravity, which is difficult if not impossible to 
determine accurately for many lightweight materials. The modified Indiana 
(or Ohio) method and the “rollmeter” methods, as developed by Menzel,* both 
of which are basically similar, are perhaps the most satisfactory methods for 
vesicular aggregates. The rollmeter equipment is reported to be in extensive use 
with lightweight agyrepate concrete. 

Preparation of aggregates 

The weight of opinion among those experienced with the mixing and placing 
of lightweight-aggregate concrete favors presoaking the aggregates. Unfortunat 
ly, there is no information available concerning the time required to soak the 
various aggregates to produce an absorption equal to that taking place during 
mixing and placing of concrete where the aggregates are initially dry. It has 
been argued that absorption of water from the mixed concrete tends to reduc« 
the water-cement ratio and therefore should increase strength. This reasoning 
evidently assumes that most of the absorption takes place after mixing but before 
initial set of the concrete. It has also been pointed out that absorption after initial 
set might well affect the process of hydration, thus adversely affecting its strength. 


Richart and Jensen’ claimed greater concrete strength by using moist aggre 
gates, but from a study of their data it would appear that this was due to higher 


uy 


cement contents for mixes cited, rather than to the damp aggregate. Duey* 
on the other hand reported increased compressive strength for initially dry 
ayyreyatc. His data show a consistent decrease in 25 day str ngth with an increase 
in initially absorbed moisture. The range ol strength was trom approximately 
4400 psi at zero moisture to about 3800 psi at 17 percent absorbed moisture. There 
was also a slight decrease in shrinkage at 180 days for initially dry aggregate. 
Saturation of the aggregate is generally impractical and appears to be entirely 
unnecessary. Tuthill** reported that experience in the concrete ship program, 
1942-45, where expanded shale- and clay-type aggregates were used, indicated 


that better control and better concrete (at least lighter weight) could be obtained 


without saturating the aggregates. Tests conducted in one shipyard were cited t 
show that compressive strengths increased slightly and unit weight decreased 


about 3 lb per cu ft (and remained so in wet storage) with use of dry rather 


than saturated coarse aggregates. It is presumed that “dry” meant reasonably 


dry, not completely dry. Whereas the procedure in the casting yards was, initially, 
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to saturate aggregates, on [requent occasions aggregate less than saturated 
used before the program terminated. 

It is probable that much of the benefit many have ascribed to wetting of aggre 
gate before mixing was in the improvement in uniformity of gradation and 
greater freedom from separation that wetting would provide in materials con 
taining wide ranges of sizes. 

From a practical standpoint it 1S probably much easier to control consistency 
of the concrete if the aggregates are presoaked to some nominal moisture ontent, 
considering the peculiar absorptive characteristics of most lightweight ayyreyates, 
particularly of those which have been crushed in processing. Richart, for example, 
has shown that for crushed expanded shale the initial moisture content of the 
aggregate has considerable influence on the total moisture absorbed in a given 
period of time; further, the rate of absorption of fine material depends upon its 


gradation and reaches its absorptive capacity more quickly than the coarse. 
Proportioning the mix 


Probably the generally accepted water-cement ratio law for dense-aggregate 
concrete is equally applicable to any given lightweight-aggregate concrete, but 
the problem of determining the surface moisture available as mixing water from 
crushed presoaked aggregates is not simple. Attempts have been made to develop 
a simple and reliable procedure to determine the saturated surface-dry condition 
of various aggregates but with little success.°® Furthermore, for the water- 
cement ratio law to be useful, numerical values expressing it would have to be 
established for each particular aggregate because of the wide differences in 
physical properties between different apyregates. It would therefore appear, 
considering the present state of our knowledge, that proportioning mixes or 
controlling concrete strengths by application of the water-cement ratio law, 
per se, is definitely impractical in the majority of cases. 


Mix proportioning is fundamentally the same as for heavy concrete, except 


that generally proportions are not based on a numerical value of water-cement 
ratio unless such a value has been established for the particular aggregate under 
consideration, and the quantity of water available from the moistened aggregates 
for mixing has been determined with reasonable accuracy. It is strictly a trial 
and error procedure with a few guides to assist in the process.* The proportions 
of fine and coarse materials evidently depend upon individual gradations for 
these two sizes. Having sieve analyses for cach of these materials, a combined 
gradation curve can readily be calculated for various proportions of the two sizes 
and a ratio selected which produce an over-all gradation comparable to those 
which have apparently proven satisfactory. The proportions of cement to aggre 
gate for a given strength depend upon a number of factors such as the crushing 
strength of the aggregate, its gradation, and the water-cement ratio. The quantity 
of water in turn depends on consistency desired, the quantity of air entrain d, 
or upon the nature and amount of any other admixtures used. 


*Although suggested mix proportioning specifications are available from mn 
producers, they are generally limited to concrete of a particular compre 
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Fig. 2—Relation between cement content and ratio of cement to total aggregate 
for expanded-shale and expanded-slag concretes. Symbols same as in Fig. 5 


Fig. 2 and 3 show a general relation between the proportion of cement to total 
aggregate and cement content for concretes containing aggregates of one of three 
general types. The data include all of the variables mentioned above which affect 
the yield and therefore the cement factor. Consequently, a wide spread occurs in 
the plotted values. Nevertheless, these data are of value as a guide for trial 
batching. The quantity of water depends on the consistency desired, once the 
proportions of cement, aggregate, and admixtures are established, and is deter 
mined by trial. Employing certain admixtures and/or air entrainment, concretes 


having slumps of 2 to 4 in. are reported to be placed regularly without difficulty. 
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. 3—Relation between cement content and ratio of cement to total aggregate 
for pumice concrete 


Control of quality 


It is of little value to carefully proportion a mix unless adequate control is 
exercised over subsequent manufacturing operations. Probably the most important 
element in the control of quality in lightweight-aggregate concretes is that of 
uniformity of gradation of aggregate from batch to batch. The specific gravity 
and absorptive properties of lightweight aggregates, particularly of the crushed 
variety, vary over a considerable range through the various fractions of fine 
material. Consequently, changes—even of a normally minor nature—may seriously 
affect the consistency, the water requirement, and the strength. 

Wagner’ illustrated the effect of varying the gradation fine pumice from 
the lower to the upper limit of gradation established by ASTM C 130-42* by 
calculating the variation in absorption and bulk specific gravity. He reported a 
change in specific gravity from 1.95 to 1.60 and absorption from 15.0 to 29.8 
percent by such a change in gradation. 

A factor which can inadvertently alter both gradation and yield, is a change 
in moisture content of the aggregate from time to time. The proportioning of 
the mix and subsequent batching should be based on the unit weights of mois 


ture-free aggregate and frequent chec ks made on moisture content, or on unit 


weight of fresh concrete, so that frequent adjustments can be made in batch 


weights. 

It is evident from what has been discussed that methods of storage and hand 
ling of aggregates also are important factors in maintaining uniformity of grada 
tion. At least one lightweight concrete mixing plant uses silos for storage of aggre 


gate to prevent segregation and to provide material of a constant moisture content. 


*See footnote p. 384 
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Assuming that uniformity of gradation is accomplished, there yet remains the 
matter of controlling water. Obviously, there would be no need for this if the 
moisture content of the aggregates remained constant. Laboratory and field 
experience indicates that the slump test is about as satisfactory a method of check 
ing on water as anything yet suggested. An experienced mixer Operator can 
usually estimate the water requirement fairly accurately from the results of 
such a test. On tilting drum mixers, where the mixing action may be observed, 
a fairly reliable method of ascertaining consistency is to observe the flow of 
concrete with respect to the mouth of the mixer while it is revolving. 


An example of close control achieved under field conditions, in which the 
quantity of water was controlled by slump tests, is cited by Murlin and Willson.’ 
They reported a strength range of 3993 to 4332 psi at 42 days from nine cylin 


ders, presumably cast from random batches. The average compressive strength 
was 4044 psi and the design strength was 4000 psi. It should be mentioned that 
aggregates were prewet; but just how wet, or how much moisture was absorbed 
was not indicated, although the quantity of absorbed water was probably of little 
importance. 

Mix control in such large and widely scattered operations as the concrete ship 
program** was apparently achieved without particular difficulty through the 
use of the slump test and unit weight checks. It is of interest also to note other 
methods of control exercised in this program to insure quality concrete. Although 
specific gravity tests of the aggregates were regularly made, batch weights 
(persumably of the aggregates) were adjusted on the basis of unit weight of fresh 
concrete. Also whole batches were checked for volume in calibrated containers 
to produce a concrete of the proper yield and cement content. 


PROPERTIES OF PLAIN LIGHTWEIGHT CONCRETE 


Compressive strength and its relation to cement content 


The data of Fig. 4 and 5 are presented as a guide in the proportioning of 
concrete mixes as well as for general information regarding the approximate 
quantities of cement necessary to achieve certain strengths with these aggregates. 
Since these data include all of the variables which affect strength, a wide spread 
in plotted values is to be expected. The plotted data, however, were generally 
confined to mixes having a slump of 6 in. or less, and most were for slumps of 
4 in. or less. It appears that for a given aggregate, substantial variations in 
cement content are possible for a given strength or, conversely, substantial var 
iations in strength are possible for a given cement content. Since it is presumed 
that the crushing strength of a particular aggregate is constant in such in- 
stances, and since it is assumed further that the air content and consistency of 
the particular mix are reasonably constant, the differences appear to result from 
variations in gradation with concomitant differences in water required. It 
would therefore seem desirable, in proportioning mixes, to give careful con 
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4—Relation between compressive strength and cement 
content for pumice concrete 


sideration to the proper gradation of aggregate, and maintaining the selected 
gradation In subsequent mixing Operations, 

Although all of the strength data given in this report are for standard curing 
at 28 days, there is considerable evidence to indicate that lightweight aggregate 


concretes develop strength beyond this age at a much greater rate than does con 


ventional concrete. There is the question, therefore, whether 28-day values 


fairly represent such concretes. It is not the intention here to discuss this ques 


tion, but merely to call attention to it, since other factors as well as the age 


“kh 


strength relationship are involved. 


Unit weight versus compressive strength 


The unit weight of lightweight concrete depends upon the unit weight of the 
aggregates, the richness of the mix, and the quantity of air entrained. The latter 
has a rather important effect because of the relatively large percentages of air 
usually entrained in lightweight agyregate concrete, In general, the heavier the 
aggregate the greater its crushing strength, a factor which influences the com 
pressive strength of the concrete. However, crushing tests ol lightweight appre 
gates which have been made and reported’ show only a general correlation 
with the strengths of the concretes made therefrom. Aggregate gradation may 
also be an important element in the strength-weight relationship; therefore, it 
would appear possible to vary this ratio within certain limits by modifying the 
gradation, all other things being equal. 

The range of concret weights covered in this report is from approximately 


55 to 110 Ib per cu ft fresh, and from 50 to 109 Ib per cu ft dry. With a few ex 





1956 


$9}912U05 ayeys-papuedxa pue 5e)s-popuedxa 40} JUBPUOD JUDWIID pue ys6uasys aaissasdwio> UdIMJIG UOIZE|9Y—S “Big 
@perouog JO *px *no aed queuieg Jo syaR5 


2 T oT 6. 3 L q € 


x al 
= 





October 





























INSTITUTE 











: 


3 - (Bueys eateserduoy £uQ-92 
































é 

















Pe) 














| 
qaodey “Quy “mmOD - aT T198yQBey 
O€S6T Temurey_ aptpsey 

Z46T euTy ‘*d07rg [ov 
qrodey *OD 3BTS prepuezs 
qiodey "S6T - *V°S°N 
qarodey *Qey *wmoD - epTTeED 
*S°a°N - ZIT °S*H'S 

6716T BH f° OOLd IOV 

Q9TT qodey *s*a'N 

SQE-D qaodey ‘osu Jo*mg 
lLe€z °Tt™ “°TtIr go cn O 


§ 





| 
*ted ut 








uw 
= 
w 
je 4 
VU 
z 
2) 
U 
a 
< 
v 
(34 
uw 
= 
< 
w 
< 
= 
. 
Oo 
a 
< 
= 
ie4 
pm | 
© 


m@e+ee@odd9 





ol 
























































STRUCTURAL LIGHTWEIGHT-AGGREGATE CONCRETE 


Upper limit of density range 
> on 


EXPANDED SHALE OR CLAY 


ft. 


Lower limit of density range 


cu 


per 








in lbs. 











Concrete 











7s 
© 
ig 
a. 
Ss 
°o 





























Unit Weight 











PUMICE 





















































1000 2000 3000 4,000 5000 6000 


Fig. 6—Relation between density and compressive strength 


ceptions, those weighing less than about 60 lb per cu ft dry developed compressive 
strengths of less than 1000 psi, so that for all practical purposes this seems to be 
the lower weight limit for structural concrete according to the initially assumed 
definition. Fig. 6 shows these ranges in unit weight for various compressive 
strengths and for three types of aggregate. As might be expected, the range in 
unit weight narrows as the compressive strength increases. The lighter-weight 
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aggregates and the mixes containing the larger quantities of entrained air, are 
generally represented in the lower limits of concrete weight. It is evident that 
larger percentages of cement are necessary with these aggregates and mixes to 


increase their strength proportionately as compared to the heavier and usually 


stronger aggregates represented in the upper limits of the chart. Since cement 
V 


is the heaviest element in the mix, the unit weight of the concrete containing 
the lighter aggregates would be expected to increase more rapidly with strength. 
Economic considerations would, of course, impose a concrete strength limitation 
for these aggregates. This also is evident from the charts. 

One expanded-shale concrete developed 7045 psi at 28 days with unit weights 
of 111 and 109 Ib per cu ft, fresh and room dry, respectively. Type III, high 
early-strength cement, was used with a cement content of 8.5 sacks per cu yd. 
Reported room-dry weights did not show a consistent relationship to fresh 
weights, undoubtedly because of the different conditions under which the con 
cretes were permitted to dry. For expanded-shale concretes the dry-to-wet weight 
relationship varied between 88 percent for concretes less than 1000 psi to about 
99 percent for the high strength concretes but, in general, was about 95 percent. 
The dry weights of expanded-slag concretes ranged from 85 to 98 percent of 
fresh weights with 90 percent a general value. Pumice concretes generally showed 
the xreatest percentage reduction in weight due to drying to room temperature 
varying from 70 to 98 percent with about 85 percent a general value. 


Elastic properties 


Data pertaining to the elastic properties of lightweight-aggregate concretes 
are much less extensive than those covering compressive strengths. The latter 
property seems to have been given much greater attention than modulus of 
elasticity, and yet from the standpoint of deflection, the elastic modulus is most 
important. In the design of structural members it is involved in the value of 
the modular ratio n, but as indicated later, it is much less important in this re 
spect than would at first appear. 

The work of Richart and Jensen,” which represents the first and most ex 
tensive research yet reported on the structural properties ol expanded-shale 
(Haydite) concrete, definitely shows this concrete to have an initial tangent 
elastic modulus of 50 to 55 percent that of sand-and-gravel concrete of equal 
strength. The heavy solid line in Fig. 7(c) represents very closely results of 
their tests, and being practically linear, it can be expressed by the following 


equauion: 


E 15 xX 10 160 (f, 1000 ) 


The data on which this equation is based included more than 65 values, each 
the average of three tests. They represented a variety of mixes, consistencies, and 
strengths and were remarkably uniform and consistent. Rather than show the 
numerous individual values, a line is used to avoid confusion with other data 
shown in the figure. Values of E obtained from other sources for expanded 
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shale concrete are, in general, equal to or lower than those expressed by the 
above equation. 

In Fig. 7(a) similar data are shown for expanded-slag concrete. Although 
the available data are not as extensive, it appears that the relationships between 
strength and elastic modulus do not differ materially from those of expanded 
shale concrete. One exception is the unusually high value of FE at a strength of 
about 3700 psi, obtained in the Lehigh tests.” 

Even fewer data are reported for concrete containing 100 percent pumice ag 


gregate. The available information is shown in Fig. 7(b) and is limited to con 
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cretes of less than 3200 psi compressive strength. The highest values of E re 
ported are, in general, lower than those for the other two types of aggregate. 
It is common practice to add varying amounts of natural sand to pumice con 
crete, which not only increases its strength but apparently substantially increases 
its elastic modulus as well. 


STRUCTURAL PROPERTIES OF REINFORCED LIGHTWEIGHT CONCRETE 
Bond 


Of the few bonds tests reported, most refer to expanded-shale concretes. 
For other types of lightweight-aggregate concrete there is little information on 
bond. Unfortunately, test methods for bond have not been standardized until 
relatively recently and reported data appear to reflect the lack of standard pro 
cedure. Fig. 8(a) shows a wide range of values relating bond resistance to com 
pressive strength for expanded-shale concrete. No two sets of data are closely 
comparable, in that they vary in the length of bar embedment, type of bar, and 
in end-slip observations. The University of Illinois tests and apparently the 
Oregon State College tests employed the old type of deformed bar now obsolete. 
The National Bureau of Standards and Georgia Lightweight Aggregate Co. 
tests used the ASTM A 305 bar. 


It is almost impossible, under these circumstances, to make a fair comparison 


of these data with the test results obtained for conventional concrete. Richart 
and Jensen” showed a comparison with the results of a parallel series of tests 
of gravel concrete. Unfortunately, however, most of their gravel concretes were 
of higher compressive strengths than the all-Haydite concretes. If one were to 
extrapolate their data to make the comparison within the equivalent range of 
compressive strengths, the maximum bond values for the lightweight concrete 
would compare favorably with those of gravel concrete. Green and Watstein® 
state that “. .. the observed ratios of bond strength to compressive strength were 
generally in agreement with data reported by other observers for dense con 
crete.” This statement presumably includes bond data for the expanded-slag 
and pumice concretes which were included in their study. It should be pointed 
out that the average maximum concrete strength in this study was under 
2500 psi. 

All of the data pertaining to the A 305 bar lie well above the 1951 ACI Cod 
requirement, 

In Fig. 8(b) similar data on bond resistance and compressive strength are 
shown for expanded-slag and pumice concretes. Only maximum values are 
shown. Except for the data obtained from the National Bureau of Standards 
Report No. 1166, it is not known what type of bar was used to obtain the other 
values reported. For concrete of 2000 psi or less where comparisons can validly 
be made, the bond values compare favorably with those for expanded shale, in 
dicated by the solid rectangular symbols in Fig. $(a). In general, the bond 
values for these concretes are also well above those permitted by the 1951 ACI 
Building Code. 
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Shear 


Shearing strength data for expanded-shale, expanded-sl 
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for the same type of concrete. Whether this is due to the 
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ties of the aggregates, shape of beam section, span to depth ratio, or air entrain 
ment is not known. It appears that some factor or combination of factors may 
affect shear strength substantially. It may be noted that the tests at the Univer- 
sity of Illinois were conducted with concrete containing no air-entraining admix 
ture, whereas other tests involved such admixtures in varying amounts. 


It appears that for the higher compressive strengths expanded-shale concretes 
develop greater shear resistance than do expanded-slag or pumice concrete. Both 
of the latter exhibit almost identical shear-strength characteristics up to about 
2000 psi compressive strengths. Evidently these lightweight concretes are capable 
of developing shear strengths in some instances much greater than the ACI 
Code value of 0.03 fe. 

Abnormally high shear-strength values have been given in some of the promo- 
tional literature from commercial testing laboratories. It is suspected that these 
values do not represent diagonal tensile strengths, but rather are data from at 
tempted pure shear tests. One laboratory report definitely stated that the tests 
were conducted on small unreinforced beams in “double shear.” 


DESIGN ASPECTS OF REINFORCED LIGHTWEIGHT CONCRETE 


Beams and girders 


The design of lightweight-aggregate concrete flexural members would appear 


to follow in general the same procedure as applied to conventional heavy con- 
crete. This statement is necessarily qualified in that there are relatively few data 
present in the literature relative to the behavior of reinforced lightweight con 
crete in flexure. Perhaps the major design question is the matter of a proper 
value for the modular ratio n to be applied to these concretes. 
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The 1940 Joint Commiuttee* report requires that » be doubled for lightweight 
concrete, thus implying that the elastic modulus for this material is one-half that 
of conventional concrete of equal strengths. However, the value of m need not 
play an important role in the design of flexural members unless the designe: 
wishes to work the concrete to the full allowable value, which usually is not 


the most judicious design procedure with lightweight concrete. Because of th 


lower values of E for these materials, deflection is probably the major problem. 


Theoretically, for balanced design the larger the value of n the less the effectiy 
depth of the section, which only aggravates the deflection problem. Theretore, 
deeper sections than those based on the increased value of n are indicated as a 
means of counteracting greater deflections. For depths greater than the theo 
retical, n loses its significance except insofar as one may wish to calculate th 
exact theoretical value of k and 7. For all practical purposes the value of 7 may 


yreater than that indicated for bal 


safely be assumed not to change for depths 
anced design. Concrete stress under this condition need not be calculated sin 
it is always less than the allowable working stress. T-beams almost always ar 
controlled by the depth necessary at the supports, and the approximate valu 
of 7 (namely 0.4t/d) is entirely adequat for the determination of the steel 

in a T-section subjected to positive moment. Concrete stress is normally 
concern when the flange is in compression. 

Increasing the depth of section obviously causes reduction in the reinfores 
required, This can be an important factor from the standpoint of economy, 
Columns 

Because of the relatively low elastic modulus of 
havior of columns constructed from these material: 
in many respects from those of conventional he: 
stresses in the reinforcement would likely be som 
ly larger value of the modular ratio. How 
predicting the maximum load a column ma 
that modern column de sign 1S based. 

‘] he only known expcrime ntal 
concrete columns is that re} 
Havdite concret columns 
1.5 and 4 percent of longi 
contained 1.2 percent spiral 
test results were com ared 
columns similarly remrore 
valent concrete str nyths sho 
less strong than gravel-con ret 
of elasticity. Thus, » had littl 

urves, however, definitely ref] 
concrete. Total deformation of th 
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The ratio of plain-column strength to cylinder strength was higher for Hay 
dite concrete than gravel, being 0.88 as compared with 0.82 for the latter. It thus 
appears that the ACI Code formula for axially loaded tied or spiral columns is 
equally applicable for expanded-shale concrete compression members, axially 
loaded. 

SUMMARY 

tased on the information available for study, the following general observa 
tions may be made regarding lightweight-aggregate concrete developing not 
less than 1000 psi, defined for the purpose of this report as structural concrete. 

1. The proportioning of lightweight concrete mixtures does not differ funda 
mentally from that of conventional heavy concrete. However since the unit 
weight and crushing strengths of lightweight aggregates vary over a large range, 
the proportioning of a mix is a separate and distinct problem for each aggregate. 
The water-cément ratio law appears equally applicable to these concretes, but its 
application assumes a reasonably accurate knowledge of the quantity of water 
for mixing which is available from the presoaked aggregate. Presoaking or pre 
wetting of the aggregate appears to be the preferred treatment. 

2. Control of quality in the field, although achieved in some instances without 
apparent difficulty, may be a problem because of the peculiar absorptive 
properties of most lightweight aggregates. Also, fine aggregate gradation has a 
relatively greater influence on concrete yield and water requirement than is the 
case for conventional dense aggregate. Therefore closer control is required with 
respect to uniformity of aggregate from batch to batch. 

3. Although the elastic modulus of lightweight concrete is somewhat lower 
than for conventional concrete, the mechanics of designing most structural mem 
bers is affected little if any by the higher value of the modular ratio. Deflection, 
however, is a problem which must be considered. 

4. Reported values of bond strength between reinforcement and lightweight 
aggregate concrete are quite variable, due in large measure to lack of a standard 
test procedure. In some cases the reported data seems to be comparable with 
values obtained for conventional concrete. In all cases the values reported from 
pull-out tests for the modern-type reinforcing bar (A 305) are 50 percent or 
more above that permitted by the 1951 ACI Building Code. 

5. There are few data available on the shearing (diagonal tension) resistance 
of lightweight-aggregate concrete. The’ values that have been reported indicat 
that the concretes covered in this report were capable of developing strengths 
from 60 to 300 percent above those permitted by the 1951 ACI Building Code. 

It should be emphasized again that many of these observations are based upon 
rather meager information. It is unfortunate that there are so few specific tech 


nical data available which are useful to the designer of structural members of 


lightweight concrete. It is quite natural that compressive strength data, being 


the easiest and least expensive to obtain, are in the greatest quantity; but the 
knowledge of compressive strength alone does not insure a safe and economical 
structure. 
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Title No. 53-22 


Helicoidal Staircases of 
Reinforced Concrete* 


By VICTOR R. BERGMAN+ 


Fig. 1l—Helicoidal staircase at 
1407 Broadway, New York, de- 
signed by Severud-Elstad-Krueger 


SYNOPSIS 


The analysis of a helicoidal staircase involves torsional moments as 
well as bending moments and shears and is consequently somewhat 
more difficult than that of a straight staircase. However, if the stair- 
case is reduced to its hcrizontal projection, the problem becomes quite 
tractable since it resolves itself into that of a fixed-end, curved beam 
loaded normal to its plane of curvature 

This paper covers determination of the bending moment, torsional 
shearing stresses, shear reinforcement, longitudinal reinforcement 
and design at the supports 


Recent years have witnessed the construction in reinforced concrete of curved 
staircases supported only at top and bottom (Fig. 1).'* Since the curves of these 
staircases usually appear as circular arcs in plan projection, the description “heli 
coidal” is properly applied to such structures. 

The analysis of such a staircase involves torsional moments as well as bending 
moments and shears and is consequently somewhat more difficult than that of a 
straight staircase. However, if we permit ourselves the Same stratagem with the 
curved staircase that we employ with the straight—that of reducing the staircase 


to its horizontal projection—the problem becomes quite tractable, since it re 


solves itself into that of a fixed-end, curved beam loaded normal to its plane of 


curvature, 
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later than Feb. 1, 1957, Address 18263 W. McNichols Road, Detroit 19, Mich 

Vice-President, Godwin Construction Co.. New York, NY 
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At any cross section of the slab there will exist, in general, a bending moment, 
a torsional (twisting) moment, and a vertical shear. However, under the cus 
tomary design condition of uniform loading covering the entire span, symmetry 
of loading and structure dictates that the torsional moment and the vertical 
shear must vanish at the midspan cross section. This leaves only the determina 
tion of the bending moment at that section to render the remainder of the analy 
sis statically determinate insofar as the calculation of bending and torsional mo 
ments and shears is concerned. 


DESIGN PROCEDURE 


Application of the method of least work** to a fixed-end, curved beam 
of constant centerline radius R, leads to the following expression for M-, the mid 
span bending moment: 

M. wR* 2(K + 1)sin 6 — 2K6 cos 6 1| 


(K + 1)6 (K l)sin @ cos 4 


in which 
A one-half the total central angle (Fig. 2) 
K = EI/GJ, the ratio of flexural stiffness to torsional stiffness 
w total load (DL + LL) per foot of span, measured along the longitudinal 
centerline of the plan projection 


This formula for Me may conveniently be written: 
M wR*(U 1) 


where U represents the fractional part of the bracketed expression. U is seen to 


be a function of only K and 4. For any particular slab cross section, K may be 


TABLE 1—VALUES OF K FOR 
RECTANGULAR CROSS SECTIONS 
OF WIDTH b AND DEPTH h 


hb 


39 
18 
00 
86 
79 
75 
70 
0.68 
0.65 
0.63 
0.59 


*Assumption: E/G 2.35 


obtained from Table 1. The U corresponding to this K and to a given 8 may 


then be read from the curves of Fig. 2, or else computed. 
With U known, M.¢ is, of course, readily determined. So also are Mx and Ta, 
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respectively the bending moment and the torsional moment at any cross section 
\, located at an angular distance of a from midspan, by means of expressions 
given in Fig. 2. 


Example 


To illustrate the procedure, the following numerical example is offered. 
Assume 
Width of slab 6 ft 
Inner radius of slab 6 ft 
Average normal thickness of slab 10 in. 
Total load (DL + LL) = 275 psf of horizontal projection 
Total central angle 20 140 
Solution 
u 6.0 *% 275 1650 lb per ft 
Centerline radius R 6.0 + 6.0/2 9.0 ft 
tatio of slab width to thickness b/h ox F 42 
For b/h 7.2, K 0.65, as read from Table 1 
Fig. 2, entered with K 0.65 and @ 7 rie f 1.20 
Then, 
M wR?(U 1) 1650 97( 1.20 1) 26,700 ft-lb 
At the support, a 6 = 70 1.222 radians; sin a 0.940; cos a 0.342 
MV. wk?(U cos a 1) 1650 * 81(1.20 * 0.342 1) 78.900 ft-lb 
T wR?(U sin a a) 1650 81(1.20 0.940 1.222) 12,600 ft-lb 
V wRa 1650 * 9.0 1.222 18,1590 Ib 


These values for M, T, and V, together with other values calculated in like 


manner at several intermediate points along the slab, have been used to plot the 


| 2 
urves shown in Fig. 3. 


The author wishes to emphasize that the formula provided for midspan bend 


ing moment M- and the curves of Fig. | are limited to the common case of 
uniform loading covering the entire span. Bending and twistung moments for 
oncentrated loads, as well as uniform loads, on circular arcs are given directly 
by Michalos in Tables 3 and 4 of “Numerical Analysis of Frames with Curved 
Girders.”” 

Furthermore, it is not necessary to assume that the staircase is equivalent to its 
horizontal projection, although this assumption is believed by the author to be 
onvenient and accurate enough for the practical analysis of moderately sized 
helicoidal staircases. However, it may be deemed advisable, in dealing with large 
ind spectacular structures, to forego the simplifications offered by the author. 


For exact methods of analysis see references 6 and 7. 


COMPUTATION OF TORSIONAL SHEARING STRESSES 


Lhe correct determination of torsional shearing stresses 1m a prismatic bar 
of noncircular cross section, subjected to twisting moments, was first achieved 


by Barré de St. Venant. His method was simplified by L. Prandtl, who in 
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troduced a stress function, ¢, 


2Ga 


md com 


which combines in a single expression the conditions of equilibrium 
patibility. G is the modulus of shear, @ is the angle of twist per unit length alon 
the bar, and x and y are the Cartesian coordinates of the cross section. The shear 


ing stresses on the cross section in the x and y directions are, respectively 


and 
j 


The stresses thus com} uted must, of course, be such as to satisf boundar 


conditions; 1. the correct solution for & must satisfy / oundat cond 
etre 


tions as well as the Poissonian equation Ordinarily, tl shearing 


on the exposed faces, the bounding surfaces, of the prismatic bar are zero; hence 


the value of 4 along the boundary of a cross : 


to an arbitrary constant which, for mvenience 


su h a bar will be equal 


jual to zero (Pig 
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4). Values of ¢ can be determined by the classical methods of the mathematical 
theory of elasticity (reference 8, chapter 11), or by relaxational methods (ref 
erence 8, p. 468; reference 9, section 5.6), or by experimental observations on 
soap films in connection with the membrane analogy. Some idea of the variation 
in ¢ and the distribution of shearing stresses over the cross section of a straight 
member subjected to torsion can be gained by a study of Fig. 4. Perhaps the 
most noteworthy feature is that the maximum torsional shearing stresses occur 
along the sides closest to the center of gravity of the section. 

The maximum torsional shearing stress in a straight member of rectangular 
cross section, bh, can be computed with sufficient accuracy by 

is 


rae = (3 } 18) beh 


(in which T is the twisting moment), or with greater accuracy by use of data 
on pp. 277-278 of reference 8. This is the value of tzz which occurs at the centers 
of the long sides of the cross section. In straight members with cross-sectional 
ratio b/h = 3, the maximum torsional shearing stress paralleling the short sides 
is approximately equal to 73 percent of that along the long sides. 

The discussion of shearing stresses so far has been confined to straight mem- 


bers. Actually, the stair slab is a sharply curved member, and shearing stresses 


computed by the foregoing equation intended for straight members are neces 
sarily in error. The chief effect of the curvature is to increase the torsional shear 
ing stress along the inner vertical side and decrease it along the outer. Géhner™® 
has analyzed the effect of curvature on shearing stresses; some results of his 
analysis are incorporated in Fig. 5 which may be used to correct the shearing 
stresses calculated on the basis of a straight member. To the corrected torsional 
shearing stresses thus obtained there must be added algebraically the vertical 
shearing stresses due to the direct shear V. The direct shearing stresses can be 
calculated probably with minor error by the usual formula, vy = V/4jd, although 
some argument might be presented for use of the expression, v L5V/bA. 

It should be mentioned that use of the calculated values of T and V without 
modification is somewhat erroneous. The computed values are the magnitudes 
of T and V in vertical planes, and not in the actual, inclined planes of normal 
cross sections. It is therefore permissible for the designer to reduce both T and 
V by multiplying by cos A, where A is the vertical angle between the horizontal 
and a tangent to the longitudinal centerline of the real, inclined slab. 


DESIGN FOR SHEAR 


The provision of adequate shear reinforcement is of critical importance in 
curved beams or slabs. Even where the calculated shear is zero, as at the center of 
span for a stair slab uniformly loaded throughout its length, it is highly advisable 
to provide some shear reinforcement, perhaps 50 percent of the maximum cal 
culated anywhere along the span. Some designers provide the maximum calcu 
lated shear reinforcement undiminished throughout the entire span. 
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If a stair slab, or other member of rectangular cross section, is subjected to an 
excessive torque, failure will probably start by the opening of diagonal cracks 
appearing near the middle of the long sides, and making an angle of approxi 
mately 45 deg with the longitudinal axis of the member. As with ordinary rein 
forced concrete beams, such cracks are the result of diagonal tension. 

The logical approach to the subject of reinforcing against torsion has been 
clearly and succinctly stated by Grinter'’ as follows: 

“Since vertical stirrups and horizontal rods have been found quite adequate 
for diagonal tension resulting from shear and flexure, there would seem to be 
no necessity for changing this proved and simple device when torsion is pres- 
ent. Failure is still by diagonal tension. The design criterion should still be to 
space hoops of any type in such a manner that every crack must cross at least 
one shear bar which itself is adequately anchored.”’ 


LONGITUDINAL REINFORCEMENT 


No special or unusual procedure is necessary in calculating bending moment 
stresses. However, the longitudinal tension steel required for bending must be pro 
portioned to carry also the longitudinal tensile component of the diagonal tension 
due to torsion; the hoop steel carries only the transverse component.” 

Some of both the top and bottom bars should be made continuous throughout 
the full length of the span. For small or moderately sized stair slabs, the designer 
may well choose to simplify construction by calling for all longitudinal bars to 
extend full length; for large stair slabs, the designer may elect to save some steel] 
by cutting off some (up to perhaps 50 percent) of the bars where his calculations 
indicate that they are not needed. 


DESIGN AT THE SUPPORTS 


Stair slabs are usually cast after the floors have been constructed. The necessary 
construction joints, together with the abrupt, gross enlargement of the slab at 
each support, must obviously invalidate any attempts to evaluate shearing stresses 
at the ends by St. Venant’s theory. However, according to a helpful principle (also 
due to St. Venant), the particular distribution of stresses at the ends should not 
materially affect the calculation of stresses by St. Venant’s theory at some distance, 
roughly equal to the slab width 6, away from the ends. 

For want of anything better, it is suggested that the designer deal with torque 
and direct shear at the supports by means of the familiar expression 

V P 6T 
P b b? 


This equation indicates that there will be increased compression at one end of 


the slab seat, and uplift at the other. This uplift must be controlled by the addition 


of tie-down or anchor bars. As a safeguard, it is advisable to provide anchor bars 


at both ends of each slab seat, or even along the entire length of each seat. 


Dowels, well anchored into the floor construction, must be provided to lap with 
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the longitudinal bars of the stair slab, if a simple extension of the floor slab steel 
is insufficient. Finally, it is essential to check both the strength and rigidity of the 
supporting members to ensure that the end fixity envisioned in the analysis will be 
realized in the structure. 
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Fatigue Tests of Pre-Tensioned Prestressed Beams* 


SYNOPSIS 


Fatigue tests were conducted to determine the behavior of pre-ten- 
sioned concrete beams prestressed with 7/16-in. seven-wire strands. 
Eight beams, 6 in. x 8 in. x 20 ft, with a center load, were tested to ob- 
tain some solutions to the following questions: Is the use of 7/16-in. 
seven-wire strand feasible from the standpoint of repetitive loads? 
Does a beam pre-tensioned with 7/16-in. strand fail in fatigue because 
of bond failure in the concrete or by breaking in the strand? What 
is the magnitude of changes in the load-deflection characteristics 
influenced by fatigue damage? What amounts of permanent set does 
a beam undergo when subjected to repetitive loads? 

Pilot test results indicated that: (1) the use of 7/16-in. seven-wire 
strands is feasible; (2) the failure of the beams was due to the break- 
ing of wires in the strands by fatigue; (3) load-deflection relationship 
was affected slightly during the first 30,000 cycles but greatly just 
prior to failure of the beam; (4) the permanent set was also small at 
first but increased appreciably just before failure. Results further in- 
dicated that no shear cracks were developed near the supports during 
the fatigue tests. It was possible to draw a load versus failure cycle 
diagram from the data obtained in these tests 


INTRODUCTION 


The be havior of prestressed concrete be ams subjected to rey Litive loading has 


received little attention among engineers. Varicties of stressing units and strand 
sizes have been and are being used without much concern about their fatigue 


behavior. Further research needs to be undertaken so that results of a few tests 


carried out in Europe and in this country need not be dangerously extrapolated 
to cover all types, SIZes, and d signs of suc h units as they become available to the 


producers and users of prestressed concrete structural members. 
The Criteria fer Prestressed Concrete Bridges’ specify that maximum strand 
size of seven-wire strands be limited to % in. To study the feasibility of using 


7/16-in, strands from the standpoint of repetitive loads, a series of beams was 


*Received by the Institute Feb. 13, 1956. Title 


No 3-23 | t part of copyrighted JOURNAL OF 
THE AMERICAN CONCRETE INSTITUTE, V. 28, No. 4, Qct. 1956, Pr 
pie 


oceedings \ 3. Separate prints 
are available at 50 cents each. Discussion (co in triplicate) should reach the Institute not 
later than Feb. 1 57. Address 18263 W. MeNichols Rd Detroit 19, Mich 

tMember American Concrete Institute, Professor of Civil 


Engineering, University of Florida, 
Gainesville, Fla 


tAssistant Professor of Civil Engineering, University of Florida, Gainesville, Fla 


413 





JOURNAL OF THE AMERICAN CONCRETE INSTITUTE October |956é 


Fig. 1—General view of 10,- 
000-Ib capacity fatigue ma- 
chine 


tested in fatigue in which 7/16-in. strands were used as prestressing units. 

In prestressed concrete beams excessive flexural loads produce tensile cracks 
in the concrete. These cracks presumably cause severe stress concentrations in the 
concrete and in the strands contiguous to the cracks rendering them vulnerable 
to fatigue. Tests were conducted to determine which of these stress concentra 
tions ultimately caused the fatigue failure of the beam. In the tests a study was 
also made to determine the magnitude of changes in the load-deflection char 
acteristics of each beam and of permanent set resulting from fatigue damage 
done to the beam. 


DESCRIPTION OF THE FATIGUE MACHINE 


The machine used for the repetitive loading of beams in flexure was designed 


and built in the testing laboratory of the civil engineering department of the 


University of Florida (Fig. 1). It is 
a constant-deflection type machine con 
sisting of a rocker arm connected to an 
adjustable eccentric and speed-reducing 
belt-driven pulleys and is operated by 
an electric motor. Rate of load applica 
tion is 140 repetitions per min. Deflec 
tions can be adjusted from 0 to 1.75 in 
in magnitude. 

Prior to the testing of a beam its 
initial load-deflection characteristic must 
be established by a static test since the 
load to be applied is determined from 


» " the corresponding deflection. For ex 
praia a) a ' 


Fig. 2—Dynamometer used in beam 
calibrations. Permanent set in beams  @ load of 2000 lb, then applying 0 to 0.6 
was determined by the Ames dial, right in. deflection cycle to the beam would 


ample, if a beam deflects 0.6 in. under 
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be equivalent to repeating 0 to 2000-lb load for each cycle. However, when the 
load-deflection relationship of the beam changes after a number of cycles, the 
beam is recalibrated and the deflection adjusted accordingly to maintain a load of 


2000 Ib. This procedure is repeated until the beam fails. 


TEST PROCEDURE 


The initial load-deflection relationship of each beam was determined by load 
ing the beam through a dynamometer as shown in Fig. 2. In every calibration 
each beam was loaded from zero load up to the test load so as to prevent ex 
cessive damage that would otherwise result from loads beyond this limit. To 
establish subseq uc nt changes in the load deflection characteristics of the 5} 
the machine was stopped and the beam recalibrated at various intervals when 


recimen, 


such recalibrations were deemed necessary. If any appreciable (1 to 2 percent) 
change had occurred between any recalibration interval, the eccentric was read 
justed so that the load on the beam remained almost constant during each test 

An Ames dial attached to the machine was used to measure the permanent 
deflection of the beam at each recalibration (Fig. 2). 


DESCRIPTION OF SPECIMENS 


Beam specimens subjected to repetitive loads were 6 x 8 in. in cross section 
and 19 ft center-to-center of end supports (Fig. 3). Prestressing was accomplished 
by two 7/16-in. seven-wire strands 2 in. from the bottom of the beam, and each 
strand was stressed to the initial load of 18,900 lb recommended by the manu 
facturer. Also, one unstressed #5 reinforcing bar, 19 ft long, was placed 1 in. 


from the top of the beam to reduce the compressive stress in the concrete and 





416 JOURNAL OF THE AMERICAN CONCRETE INSTITUTE October 1956 


prevent compression failure due to fatigue. General details of specimen and 
loading are given in Fig. 3. 
Concrete used in the beam specimens had the following properties: 
Volume proportions, dry rodded 1:1.7:3.5 
Fine aggregate, average fineness modulus 2.19 
Coarse aggregate, average fineness modulus 6.89 
W/C ratio 0.627 
Cement factor 6.5 
Slump eee 3 in. 


In these beams Type I cement was used with addition of %4 oz of Darex and 
¥%, |b of Plastiment admixture per bag of cement, and the concrete was vibrated 
with a mechanical vibrator. Beams were made in groups of four, cast in one con 
tinuous line on two different days, each group designated here as series L and 
M. Four 6 x 12-in. cylinders were prepared from each batch. Some cylinders 
were tested after 5 days of moist curing at the time tension was released in the 
strands, and others after 13, 28, and 40 days dry curing. The specimens were 
cast by Florida Prestressed Concrete Co. of Tampa. 
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FATIGUE TESTS OF PRE-TENSIONED BEAMS 


TEST RESULTS 
Static test results 


The ultimate strength and modulus of elasticity of the cylinders at various 
curing intervals are given in Fig. 4. 

Beam L-1 was tested statically to failure to determine its load-deflection 
characteristics up to the ultimate load. Fig. 5 shows the results of this test. It is 
interesting to note that the ultimate load for L-1 was 4580 lb, which is quite 
close to the theoretical ultimate load of 4620 lb calculated by using the expression 
mu = 09 asfad given in Criteria for Prestressed Concrete Bridges. 


Fatigue test results 


A summary of test results is given in Table 1. 


Beam L-2 was subjected to a repetitive load of 0 to 3160 lb, approximately 2. 


3 
umes the design load. The design load was taken as 1390 lb, corresponding to zero 
tension of the bottom fiber assuming 18 percent stress loss in the strands. The load 


deflection characteristics (Fig. 6) showed slight variation up to 250,000 re petitions. 


TABLE 1—SUMMARY OF TEST RESULTS 


Beam ‘en Test load Number Spring Loss in Permanent Adjusted 
No vad, + Design of constant,* spring set, in cycles of 
load cycles per lb in constant failure 
percent 
3.30 | 0 3680 Static test 
2.28 0 4250 4 460,000 
5,000 3800 ; 
50,000 3610 
100,000 3130 
250,000 2910 
500,000 2500 ; 
0 A950 { Did not fail 
000,000 4170 
2,000,000 3890 
3,000,000 3650 2 
0 5110 Did not fail 
5,000 4940) : 
124,000 4920 
2. 000,000 4900 
3,217,000 4660 
0 5150 } 280,000 
94,000 4750 
291,000 2340 , 
0 5150 ) 325,000 
152 000 A900 23 
325, 000 3200 2k 
0 5150 940,000 
5,000 4460 : 
28,000 4120 
000 4000 
436.000 4670 
823, 000 3650 
960,000 1940 ) 
0 5250 126,000 
25.000 4300 § 
50,000 42) 
100.000 4200 
126,000 3750 
Design load of 1390 Ib 
*Spring constant 
Center deflection caused by 1390-lb load 
Note: The observed cracking load in all the beams was about 2500 Ib 
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However, between the 250,000- and the 500,000-cycle calibrations the beam was 
badly damaged as evidenced by the considerable change recorded at the 500,000 
cycle calibration, and this behavior was taken to signify failure. As will be dis- 
cussed later, such abrupt variation was found to be caused by the breaking of the 
strands. On subsequent tests such a marked change in the load-deflection relation 
ship of the specimen was taken to indicate failure. 

In beam L-3, the test load was set at 1360 lb, and applied to the beam 1,000,000 
times. Then the load was increased to 1600 lb causing a calculated 200 psi tension 
in the bottom fiber and this (second run) was also applied 1,090,000 times. The 
last load was set at 2000 Ib causing a calculated 500 psi tension in the bottom fiber 
and this also (third run) was applied 1,000,000 times. 

There were no visible cracks at the first application of the 1360-lb load or at the 
end of 1,000,000 cycles of repetition of this load. The same was true for the 1600 
lb load. However, when the 2000-lb load was applied for the first time, three hair 
cracks appeared at the bottom of the beam under the load. The beam withstood 
the above cyclic loading without any appreciable change in its load-deflection 
characteristics. 

Beam L-4 was subjected toa repetitive load of 2500 lb, which corresponds to 1.8 
times the design load and 55 percent of the theoretical ultimate capacity. Load 
deflection readings indicated that litthe damage was caused by the 3,200,000 repe 
titions of this load. Moreover, several small hair cracks, which did not progress 
appreciably during the test, were present from the first application of the load. 
The test was discontinued after 3,200,000 cycles at which time a permanent set of 
0.14 in. was observed. 

Beam M-1 was tested under a load of 3420 Ib. After 94,000 load applications the 
permanent set was observed to be 0.16 in. The load-deflection characteristics of the 
beam remained substantially the same up to 291,000 cycles. At this point an 
appreciable change signified failure. The permanent set at 291,000 repetitions of 
load was 0.23 in. 

team M-2 was tested at a 3235-lb load and failed at 325,000 cycles. For beam M- 
3, the test load was 2730 lb, approximately 2 times the design load, and failure 





FATIGUE TESTS OF PRE-TENSIONED BEAMS 


TABLE 2—STRESS RANGES IN THE BONDED STRAND 


Cabculated Corrected Column (4) 
Specimen Test load maximum Stress cycles at + +50,000,1 
No strand stress, range,* psi failure percent 
psi 
(1) 2 (3) (4) (5) (6) 


24 147,000 +5,000 did not fail 
M-3 160,000 + 18,000 940,000 36 
s-2 183,000 +41,000 460,000 82 
M-2 189,000 +47,000 325,000 94 
M-1 202,000 +60,000 280,000 120 
M-4 222,000t + 80,000 126,000 160 


*Stress range in the bonded strand based on the calculated minimum stress of 142,000 psi 
tAllowable stress range in the unbonded strand 
tCorresponds to about 0.05 percent permanent set in the strand 


occurred at 960,000 cycles. The change in the load-deflection characteristics was 
similar to those obtained on other beams. Slight variation was observed during 
the first 5000 cycles; larger variation occurred at the 500,000 reading. The change 
between the 823,000-cycle and the 960,000-cycle readings was significant, indi 
cating failure. 

Beam M4 was tested at a 3800-lb load and failed at 126,000 cycles. There was an 
appreciable change in the load-deflection characteristics during the first 25,000 
cycles which remained almost constant through the 100,000-cycle calibration. How 
ever, a considerable and sudden change was observed at the 126,000-cycle cali 
bration. The permanent set, after the first application of load, was 0.08 in., the 
maximum for all beams tested in fatigue. The calculated strand stress in this beam 
was 222,000 psi (see Table 2) which corresponds to about 0.05 percent permanent 
set in the strand—probably the cause of the relatively high permanent set in the 
beam. 


DISCUSSION OF BEAM FAILURES 


Beam specimens stressed beyond the cracking load showed slight change in their 
load-deflection characteristics and underwent a small amount of permanent set 
(0.10 to 0.18 in. depending on the test load) during the first 30,000 cycles. How 
ever, the continued repetitions of loading caused considerable change at greater 


number of cycles. Also, the hairline cracks, which appeared at the first cycle, 
widened and progressed toward the middepth of the beam after 5000 to 10,000 
cycles. At higher cycles these vertical tensile cracks changed direction, paralleling 


horizontal shear planes, indicating the cumulative tensile and shear damage in 
concrete as the cycles progressed (Fig. 3). 

After failure, the beams were broken for visual inspection of the strands. This 
disclosed significant results. The wires were broken at points adjacent to the cracks 
near the center of the span. In one instance (beam M-1) as many as six wires of 
a strand were broken at one point and one other 9 in. away. In the beams that 
failed in fatigue at least three wires of one strand were broken at the same 


location. 
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Fig. 7—Strand of beam 
M-1 after failure 


The fracture of the wires occurring at points bordering the tension cracks in th 
beam substantiates the belief that these cracks form stress concentrations in the 
strands, especially as a result ol overloads, rendering them vulnerable to fatigue 
and ultimately causing the breaking of the wires (see Fig. 7). 

Except for one strand in beam M-1, there was no visual evidence of bond fail 
ure when the beams were broken into for study. Each strand had a coating of 
concrete particles along its length indicating no rubbing action which would have 
occurred had there been slip present. The strand in beam M-l, in which six wires 
were broken, showed definite signs of slip as the wires were smooth for a distance 


of about 14 in. from the point of fracture. 
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FATIGUE TESTS OF PRE-TENSIONED BEAMS 


Fig. 9—Load versus ad- 
justed cycles of failure dia- 
gram 
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It also should be noted that in the beams tested no shear cracks developed neat 
the supports. However, further tests with loading conditions producing higher 
total shears upon which bond stresses are based should be conducted to study the 


behavior of 7/16-in. strands subjected to repeated loads. 


DISCUSSION OF FATIGUE TEST RESULTS 


Establishing the cyclic loading which caused initial failure in the strands was 
difficult, if not impossible. Unfortunately, the tests had to be continued until an 
obvious change had taken place in the load deflection characteristics of the beam 


and this probably occurred after the fracture of several of the wires. Therefore, 


the authors chose to define fatigue failure as the cyclic loading that caused 30 pet 


cent loss in the “ spring constant.” Spring constant 1s defined here as the design 


load divided by the corresponding center deflection. Fig. 8 shows the percent loss 


in the spring constant for various beams at different cycles. An appreciable change 
in the curve signified the failure of the beam and was h« Ipful in the graphical in 
terpolation and “back-tracking” to the probable failure cycles which her will be 


called the adjusted cycles of failure. 


The load versus adjusted cycles of failure diagram of | 


the orrected cycle of failure and the test load for each beam. 
Fig. 10 shows the relationship between permanent set of beams at vari 
ot} load I petitions, The permanent set Was small at first and h nyged slightly 


until just prior to failure at which time it increase idly. It is inter 
; 
: 


note the similarity between the rapid changes in the permanent set and the spring 


constant curves of the beam just before failure. For overloads of more than twice 


the design load it was found that the permanent set just pr 
a proximately twice that of the 10,000-cycle value. 


Calculations were made to determine the additional S ss in the bonded 


lor to tailur was 


strands caused by fatigue leads. It was assumed that the cracks due to overloads 
extended to middepth, + in. from the bottom of the beam. (By actual measure 
ment these were from 3.5 to 4:5 in.) It was assumed further that the stress dis 
tribution in the compression area was parabolic, giving a lever arm for the re 
sisting moment couple of 4.5 in. or % of the depth. The observed cracking load 
in all the beams Was approximately 2500 lb, corresponding toa cal ulated strand 


stress of 147,000 psi. It should be noted that, assuming an 1% percent stress loss 
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had occurred up to the time of tests (1-3 months after stress release), the stress 
in the strand with no load was approximately 142,000 psi. With an assumed 


tensile stress in concrete of 600 psi at the level of the strand the corresponding 


stress would be about 4000 psi. Hence, at cracking load the total stress in the 
bonded strand would be approximately 146,000 psi which agrees with the cal 


culations mentioned above. 
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Fig. 12—Microscopic view of wire fracture. Note the fatigue type of fracture of 
the top three wires 


The Goodman diagram’ was drawn using the data given in the manufac 
turer’s catalog and is shown in Fig. 11. The Goodman diagram is a graphical 
representation which gives an approximate maximum allowable stress range for 
a given minimum stress that a member can endure without failure when sub 
jected to infinite number of repetitions of that particular stress amplitude. The 
diagram indicated that, based on a minimum stress of 142,000 Sl, the unbonded 
strands have an allowable maximum stress of about 192,000 psi or a range of 4 
50,000 psi. In the beam tested the calculated minimum stress was 142,000 psi 
and the calculated maximum stresses varied as shown in Table 2. 

Column six of Table 2 gives the ratio of stress range in the bonded strands 
to the allowable range of the unbonded strands. This ratio varied from 10 per 
cent for beam L4, which did not fail after 3,200,000 cycles, to 160 percent for 
beam M-4, which failed at 126,000 cycles. In beam M-2 the stre 

| 


bonded strand was © percent less than the 


bonded strand, and failure occurred at 325,000 cycles, indicating the severity of 


rany the 


$s range ol the un 


the “stress-raiser caused by the cracks in the concrete on the bonded trands 
Supplementary tests should be conducted to verity these sults 

Some metallurgical studies were undertaken also, to investigate the type 
fractures that occurred in the wires. Micro-hardness tests were conducted on 


broken wires taken from strands of beam M-2. Although there were slight in 


creases 1n the hardness of the wires iv ractures, the values did not prove 
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go be conclusive inasmuch as the high carbon cold-drawn wires used in the 
manufacture of these strands are extremely high in hardness to begin with and 
do not clearly reveal the usual marked changes, as in the case of structural steel. 
, The broken wires taken from strands of beam M-3 were also studied under 
a microscope. As seen in Fig. 12 some wires exhibited fatigue type of fractures 
and others did not. This may be due to the fact that when one or two wires 
‘break in fatigue, much higher loads are transferred to the others causing them 
o fail statically. It is believed, however, that the crack, which develops in the 
irst wire due to fatigue, progressively reduces the cross-sectional area enough 
© cause the rest of the wire to fail statically. This can well happen to several of 
lie wires simultaneously. It would be desirable to establish with additional tests 
this process of progressive failure that seems to take place in the wires of bonded 
ptestressing steel, 


CONCLUSIONS 


The following conclusions can be drawn from the results of pilot tests de- 

ribed above: 

‘1. The use of 7/16-in. seven-wire strands in pre-tensioned beams of similar 
imensions and the same loading conditions as in these tests seems feasible. 
'2. The flexural fatigue strength of the prestressed beams tested was approx- 
imately 1.8 times the design load. Overloads above this ratio had damaging 
effect on the fatigue life of such beams, 1.¢., a load 2 times the design load 
caused strand failure at 940,000 cycles. 

3, Fatigue failures were caused by the breaking of the wires in the strand and 
not as a result of bond failure. However, other loading conditions causing higher 
shears may induce bond failures. 

4. The load-deflection relationship and the permanent set of the beams changed 
slightly during the first 30,000 cycles but extensively just prior to the failure. 
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concrete roof adopted was slightly more 
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with metal roof deck 
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units for the concrete walls 


was 


use pumps concrete, 


form 


Factory fabrication of dwellings (La 
fabrication en usine des batiments 
d‘habitation) 


EpouarD FOUGEA 
nieurs Civils de 
Nov Dex 1955 


Memoires, Societe 
France (Paris), V 
pp. 445-464 
Reviewed 


des Inge 
108, No. 6 


by Aron L. Minsxy 


of 
apartment houses. Walls, stairs, and oth- 


Fabrication and erection concrete 


er structural elements were factory pre 
fabricated by 
bridges straddling the structure 


Erection was gantry 


Reinforced industrial 
buildings 

The Indian Concrete 
30, No. 3, Mar 


concrete 


(Bombay), V 


"99 
72-78, 96 


Journal 
1956, pp 
Describes the application of flat slabs 
to 


notes 


beam and girder, and two-way slab 


industrial buildings. Surprisingly 


CONCKETE IN 


Detroit 19 


riruTe, V. 28, No. 4, Oct. 1956 
Mich. Where English tithe 
English. If it is followed by a 

where the foreign title 
the i , of the riginal article is 


the 


viewed 
June ( 
added 


’ are 
urrent 
addre later 

indexe it 
Current 


illable from 





426 


that the use of flat slabs for multistoried 
factories in India is not as popular as 
the other methods. An interesting argu- 
ment for the use of a diagonal column 
layout is presented. Briefly describes the 
common types of thin shell roofs for 
single-story industrial buildings requir- 
ing large clear areas. Both butterfly and 
barrel shell roofs have been used in 
India 


Concreting bridges and cableways 
for the dams of the upper reaches 
of the Glockner-Kaprun Tauern 
power station (Betonierbruecken 
und Kabelkranfahrbahnen bei den 
Sperren der Oberstufe des Tauern- 
kraftwerkes Glockner-Kaprun) 
Friepricit Mescnan, Der Bauingenieur (Ber 
lin), V. 30, No. 5, May 1955, pp. 175-185 
Reviewed by Aron L. Minsky 


Detailed descriptions of the concrete 
placing plant used in this large project. 
See also Der Bauingenieur, Jan. and 
Mar. 1954 (“Current Reviews,” ACI 
JOURNAL, May 1955, Proc. V. 51, p. 952). 


Effect of uplift on gravity-dam pro- 
files 

Eric H. Brown, Proceedings, Institution of 
Civil Engineers (London), Part III, V. 5, No 
1, Apr. 1956, pp. 196-212 


Reviewed by Aron L. Mirsky 


Discusses effect of internal hydraulic 
uplift on stresses in and profile of solid 
gravity dams. Also discussed is effect of 
internal drain arrangement on the dis- 
tribution of vertical stress in concrete. 
Two design philosophies are considered 
and results compared: (1) no tension, 
empty; (2) a _ small 
amount of tension cracking is permitted, 


with reservoir 
hence upstream face need not be bat- 
tered. Discussion is confined to dams of 
medium (400-500 ft using 500 
maximum permissible concrete 


height 
psi as 
stress). 
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Moments in flat slabs 
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Summarizes the results of a study of 
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Based on this expression the author has 
reinforced 


the 


formula for 
takes 


Diagrams 


set up a design 


concrete beams, which crack 


width into account are given 


r 


for rectangular sections and T-sectior 


Method is illustrated by exampl 


Restraint of reinforced concrete 
slabs by torsionally rigid edge beams 


(in German) 

H LIND , ’ snd BtahIibete 
n), V Oct. 1955. pp. 264-267 
MECHIANI 
May 1956 


nhau 


Art REVIEWS 


(Mu 
the moments in 
if the 


Author shows how 


slabs can be calculated tor 


members and 


to 


rigidity of the edge 


concentrated loads due vehicle 


included provided certain simplif 


assumptions are made 


Simplification of design by ultimate 
strength procedures 


I M. Ferro Pre 


T 4, Ju 1956, | 


ceedings 
Design procedures fot 
umns using the 
block 
mendations of the 
ASCE committee on 
strength design (ACI JOURNA 
1956. Proc V 2 p Include 


lustrations of designs th or withou 


simp. rect 
withi 


re port 


are developed 


iwoint t 
join 


po) 


the 


design aids (curves) available in the 
Particularly 
fact that de by 
method employs 


the 


joint committee report em 
the ul 


much 


phasizes the sign 


timate strength 


simpler design equations than con 


‘ 


ventional elastic methods 





42b JOURNAL OF THE AMERICAN 


Design chart for the economic sec- 
tion for prestressed concrete beams 


ReaGinaLp G. Rosertson, Proceedings, Institu- 
tion of Civil Engineers (London), Part III, 
V. 5, No. 1, Apr. 1956, pp. 184-195 

Reviewed by Aron L. Mirsky 
and charts 
depth, and cable 
pull with allowable working load stress 
and live and dead load moments, for I- 
shaped 


Develops equations con- 


necting section area, 


sections (equal or unequal 


flanges ) 


Exact analysis of multistoried struc- 
tures subjected to wind loads 


B. N. Trapani, The Indian Concrete 
(Bombay), V. 30, No. 3, Mar. 1956, pp 


Journal 

87-91 
Presents moment distribution solutions 

for side sway and wind loads on multi- 


story rigid frames 


Structural failures and how to avoid 
them 

Jacon Frio, Journal, Boston Society of Civil 

Engineers, V. 43, No. 2, Apr. 1956, pp. 108-127 

Reviewed by ARon L. Mirsxy 

Defining structural failure as the non- 

of the 


expectations 


conformance structure with de- 


sign author provides a 
brief but graphic lesson in what not to do 
(the topics of what to do and how to do 
it have well 


textbooks 


been covered, he says, in 


formal and courses). Engi- 


neers old and young could read this 


paper with profit. 


Dynamic loads with special consid- 
eration of impact (in Serbian) 


S. PuKkt, Nase Gradevinarstvo (Belgrade), V 
10, 1956: No. 3, pp. 359-363; No. 4, pp. 505-509 

Reviewed by J. J. PoLivKa 
For structures under dynamic loads and 
impact, must be con- 
mathematical 


mass and time 


sidered. Author discusses 
methods already known, and points out 
that 


point of 


also physical phenomena at the 
kinetic energy 


calculating the 


application of 


must be considered in 


balance of energy. Two cases are in- 


vestigated with mathematical 


which 


presenta- 


tion: (1) cases in nearly the 
whole kinetic energy due to the dynamic 
into deforma- 


tions or oscillations of the structure; (2) 


loading is transformed 
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cases in which only local deformations 
or failure at the point of application re- 
sult. Equations for both cases are de- 
rived and criteria presented for speedy 
classification of the proper case and sim- 
plified solution. 


General study of the elastic defor- 
mation of thin shells (Etude gener- 
ale de la deformation elastique des 


voiles minces) 
M. LAYRANGUES, Annales des Ponts et Chaus 
sees (Paris), V. 126, No. 1, Jan.-Feb. 1956 
pp 39-76 

Aron L 
used in 


Reviewed by MIRSK Y 


Vectorial author's 
previous study of the static equilibrium 
of thin shells (Annales des Ponts et 
Chaussees, V. 123, No. 1953, 
pp. 69-105; “Current ACI 
JOURNAL, June 1953, Proc. V. 49, p. 965) 
are here used in the 


methods 


, Jan.-Feb. 


teviews,”’ 


presentation of a 
general theory of the elastic deformation 
of such Method 
plied to shells whose median surface is 


structures. is then ap- 
a right cylinder or a surface of revolu- 
tion. 


Analysis of gable frames by the 
column analogy method 


E. 8S. E. Lyte, Concrete and Constructional 
Engineering (London), V. 51, No. 6, June 1956 
pp. 389-394 


Presents a quick method of solution 
for the special problem of gable frames 
of one story and one bay. The derivation 
of the method is carried through for a 
general case followed by an example and 
for the special cases of symmetrical 
frames and frames with columns hinged 


at the base with numerical examples 


Materials 


Osmotic studies and hypothesis con- 
cerning alkali-aggregate reaction 


G. Verseck and C. GRaMLICH 
ASTM, V. 55, 1955, pp 
discussion) 


Proceedings 


1110-1131 (including 


Describes an osmotic cell technique 
for the study of the chemistry and phys- 
ics of the alkali-aggregate reaction. Ex- 
perimental data include the effect of (1) 
alkali concentration, (2) alka- 


hydroxide concentra- 


different 


lies, (3) calcium 
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tion, (4) particle size of aggregate, and 
(5) reaction 
The 


course of the 


as variables 
that the 
the silica with 


temperature 
hypothesis developed is 
of 


alkali or calcium hydroxide proceeds on 


reaction 


a competitive basis at the surface of the 
that the 
of the products, deleterious or innocuous, 


reactive aggregate and nature 
depends upon the relative availabilities 
at the of alkali 


cium hydroxide, respectively. 


silica surface and cal- 


Accelerators of setting and harden- 


ing of cement (in Russian) 
V. V. Kinp, E. V. Lavernovicn, and R. E 
VINOVA, Tsement, V. 21, No. 3, 1955 

CERAM It 


May 1956 


LIT 
pp. 7-12 

ABSTRACTS 
(Kamich) 


One of the basic factors of the acceler- 
the 


(accelerators) is 


ation of setting of cement in 
of 
increase in its specific 


pres- 
the 
surface caused by 
the 
Reduction in set- 
facilitated by 
crease in solid phase owing to 
mation of insoluble products of 


ence additions 


the dispersion of cement grains by 
action of the additions 
ting time is also an 
the 
the 
action of lime with the additions of salts 
the 


mixed 


in- 
for- 
re- 


During 
ment 
CaCl, 


hardening of 
with CaCl 
is apparently combined 
of difficultly 


and Ca 


portland ce- 
the 
the 


OXY- 


solutions 
with 
formation soluble Ca 


chlorides chloraluminates 


Studies on the suitability of ex- 
panded shale aggregate for use in 
cement concrete 


Dave H. Sawyer, CLaupeE M 
LORAN H. Strunk, Bulletin 
of Kentucky Engineering 
Dec. 1955, 26 pp 

HIGH WAY 


and 
38, University 
Experiment Station 


Brown, Jr 


AY 
NO 


ABSTRACTS 
Apr. 1956 


RESEARCH 


In brief, the investigation has shown 
that concrete mixes containing expanded 
(1) 
approximately 


shale aggregate can have: compres- 


sive strengths equal to 
those of comparable concrete mixes con- 
taining (2) 


than those 


flexural 
of 
containing 
dense aggregate; (3) a satisfactory bond 
with reinforcing steel to the yield point 
of the steel, even though the relation be- 


dense aggregate; 


lower 


strengths slightly 


comparable concrete mixes 


tween slip and bond stress is somewhat 


REVIEWS 


less favorable for the light-aggregate 


concrete than for comparable dense con- 
crete; (4) an extremely 


poor resistance 


to freezing and thawing as it is carried 
the 


testing; (5) 


durability 
to 


out in usual manner of 
resistance 


dried 


considerable 


inherent 
after having 

could be of 
to 


an 
resaturation been 
that 


with 


a factor 


value regard durability under 


some service conditions; (6) an increase 
to 
of 


resistance 


in resistance freezing and thawing 
7 


through 
high 
ured 


use air 
to 


modified 


entrainment; (7) a 
abrasion 


Los 
test; and (8) unit weights approximately 


as meas- 


by a Angeles type 


35 percent less than those for corres- 


ponding mixes containing limestone ag 
gregate 


Big bars for bridges 
I CC. RICHARDSON Western 
3, Mar. 1956, pp. 68 


No i 


HIGHWAY RESEA CTR 


Apt 1956 

In late 1954 the California Department 
of Publi 
steel 


f rolling a 


Works consulted several 
the 

with 
would be 
to 


major 


mills to determine feasibility 


round section hi-bond 


haracteristics which equiva 
the 2-in 
study cde 


ibmitted to the 


cross-sectional 
After 


sketches 


lent in area 


square bar considerable 


ign were 


state providing for a bar with 
cal 


eter of 2%, in 


an ellipti 
and an average diam 
The projec and 
ing of deformations were determined by 
to 


cross section 
tion Spa 


/ 


increasing the values in proportion 
tablished by 


ASTM specifications. The section was as 


those for standard 


8$1zZes eS 
ened bar 

The 
reinforcing bars in the design of 


designation 1s 
employment of 2%,-in. diameter 
major 
mainly a matter of 
With the 2 in 

columns can be designed to carry 
with 


The larger 


structures is econ 


omy diameter bars 
crete 
the 


tion in 


reduce 
the 


same loads substantial 


81ze steel area of 


individual bars promotes simplicity and 
eeonomy of beam and construc 
This 


lower 


girder 


tion. provides for less concrete 


form cost, and «¢ 1 | an 


the 


usage 


more usable Space in 


of 
joined by butt welding 


‘ omple ted 


structure. Instead laps, bars are 
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For the Kastshore Freeway now un- 
der construction in Oakland, Calif., 1720 
tons of the #18 bars are required. Bars 
are lifted to placement elevation with 
cranes. They can then be placed indi- 
vidually or, when necessary, can be tied 
into cages on “column horses.” The 
“column horse” is a manual hoisting 
(and bolstering) implement, consisting 
of pipe frame construction and hoisting 
tackle. By adding travelers to the tackle, 
cages can be conveyed manually to the 
area of emplacement. Bars up to 93 ft 
6 in. in length will be used. At the site 
bars will be beveled and positioned for 
welding. The ends to be joined are pre- 
heated to 400 F. The thermal intensity 
is measured with a “tempilstik,’”’ which 
melts at this temperature. The bars are 
then butt-welded with low-hydrogen 
electrodes. 

The #18 bar is now being used in re- 
finery construction, schools, state high- 
way bridges, overpasses, underpasses, 
separation, and distribution structures. 


Pavements 


Slip-form paver proves fast, econ- 
omical road widener 


RaLPpH Monson, Contractors and Engineers, 
V. 53, No. 2, Feb. 1956, pp. 74-78 


Slip-form pavers, capable of placing 
10,000 linear ft of 3 ft wide concrete 
pavement per day have been used for 
road widening in Iowa. Cost ranges from 
$3.90 to $4.50 per sq yd. Equipment and 
construction procedure are described. 


Suggested quality control method 
for highway concrete 


G. Maxon, Roads and B8treets, 
July 1956, pp. 72-78 


Suggests three methods for field con- 
trol of concrete uniformity intended to 
supplement and somewhat to replace the 
standard test methods which, presum- 
ably, would still be used for selecting 
the proportions and all preliminary tests. 
The three field-control methods sug- 
gested are: (1) a penetration test for 
consistency; (2) the use of a pocket- 
sized air meter for measuring air con- 


V. 98, No. 7, 
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tent of the mortar fraction in the con- 
crete; and (3) a heavy-media method 
for determining the cement content in 
fresh concrete. The latter test would be 
used to indicate efficiency of the mixing 
by being performed upon samples from 
the first and last tenth of batches, twice 
a day. The air content and consistency 
tests would be made much more fre- 
quently than the usual slump test or 
present air content test. 


Precast Concrete 


Measurement of dimensional chang- 
es in precast concrete walls 
F. A. Biaxey and R. E. Lewis, Constructiona! 
Review (Sydney), V. 29, No. 5, May 1956. pp 
23-27 

Dimensional changes of the precast 
concrete walls were recorded over a 
period of 6 years. The walls were solid 
3 in. thick, 9 ft high, lengths up to 27 ft 
and composed of 6-sack concrete. Total 
contractions up to 0.1 percent occurred 
and seasonal fluctuations of 0.05 percent 
Findings of particular interest were 
that movement in interior walls is as 
great or greater than that of exterior 
walls, and that dimensional changes in 
the vertical direction are greater than 
those in the horizontal direction. 


Prestressed Concrete 


Prestressed cabled roof hangs from 
thin concrete stadium wall 


Architectural Record, V. 120, No. 1, July 1956 
p. 219 


A concrete roof draped from the up 
per perimeter of a 4 in. thick concrete 
cylinder encloses a simple but functiona! 
arena in Montevideo, Uruguay. The 
stadium is 310 ft in diameter and 83 ft 
high, with no interior columns or sup- 
ports. The roof system consists of 256 
radial, high-tensile steel wire strands 
sloping downward with a drop of about 
1/10 the diameter to a central tension 
ring. The roof covering consists of about 
9000 trapezoidal shaped, precast con- 
crete slabs about 2 in. thick, fastened to 
the cables by hooks. After the slabs were 
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positioned, a temporary “prestressing” 
overload of bricks was applied and the 
joints between all slabs grouted. After 
the grout had set, the “prestressing’’ 
overload The 4 in. thick 
concrete cylinder walls were erected by 
the slip-form method. 


was removed. 


Freight terminal of prestressed con- 
crete (in Danish) 


SoreEN Mowprup, Beton 
gen), V. 8, No. 1 


og Jernbeton (Copen- 
Jan. 1956, pp. 44-52 
Reviewed by T. HERPMANSEN 
Describes a 17,000 sq ft, one-story 
freight terminal made of precast pre- 
stressed concrete elements. Roof girder 
is 66 ft long with cantilevers at both 
ends, 11 ft and 16 ft, respectively. Girder 
and fabricated sepa- 
rately of pre-tensioned concrete. Before 
the cantilevers were connected 
the girder by post-tensioning using 
three Freyssinet cables, two of 


cantilevers were 
erection 
to 
curved 
which were continuous. 


Pre-tensioned piles are 132 ft long 


Engineering News-Record, V. 157, No. 3, July 


19, 1956, pp. 33-36 

Describes the design, fabrication, and 
placing of pre-tensioned prestressed con- 
crete piles used in constructing a San 
The 2000 total pre- 
concrete included 139 
The long 


Francisco pier. 


stressed piles 
131 ft 8 in 
piles had a 20 in. octagonal section with 
an 11 in. hollow 


by 


which were long 


diameter core. 


They 


were pre-tensioned % -in. 


strands. 


eighteen 
wire 


Prestressed concrete as applied to 
building frames 


FRANCIS WALLEY and Huon C 
ings, Institution of Civil 
Past Ian, Vo. B wee &, 
(including dis« 


ApaMs, Proceed- 
Engineers (London) 
Apr. 1956, pp. 70-104 
Misiones by Aron L. Mirsky 

3rief paper describing development of 
use of prestressed concrete in buildings, 
from simply supported prestressed mem- 
bers through partly continuous to fully 
continuous (“framed’’) multibay, multi- 
structures. Typical calculations 
for a single portal frame with pinned 
ends, and notes on the design of an office 
building at Kilburn, London, are given in 
two appendixes. 


story 
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Properties of Concrete 


Lightweight concrete (in Danish) 
B. SIMONSEN and P. WitckeNn, Beton og Jern 
beton, (Copenhagen), V. 6, No. 4, July 1954 
pp. 119-130 
Reviewed by T. HERMANSEN 
To determine the relation 
strength and density of cement-bound 
lightweight concrete, tests were carried 
out at the Technical University of Den- 
mark. Test results are reported for both 
normally 


crete. 


between 


cured and steam-cured con- 


Basic considerations pertaining to 
freezing-and-thawing tests 


T. C. Powers ASTM, V. 55 
pp. 1132-1155 


Proceedings 1955 


Questions current 


tests 


freezing-and-thaw- 


ing and suggests an alternative 
test. The alternative test is preceded by 
a discussion of the mechanisms of frost 
action in cement paste and in aggregate 
The proposed procedure would determine 
an “immunity period” to frost attack as 
the primary measure of frost resistance, 
this immunity period being the time re 
for the to 


enough moisture to show a dilation dur- 


quired specimens absorb 


ing freezing 


Studies of flexural strength of con- 
crete. Part |—Effects of different 
gravels and cements 

STANTON WALKER and D. L. Bioem, Jo 
search Laboratory Publication } ‘ 
Sand and Gravel Asso 
Ready-Mixed Concrete A 


24 pp., $0.50 


int Re 
National 
latior ind National 

wiation, July 1956 


Presents the results of tests to evalu 
ate the effect of different 
gates and 
strength. 
ural and compressive strengths 
trainment, cement 
cludes that aggregate 
flexural strength somewhat more 
compressive but that 


between 


coarse aggre 
flexural 
of flex 


air en 


cements upon 


Includes comparisons 


and factors. Con 
affect 


than 


properties 


strength 
reliable relationships flexural 
and compressive strengths for a 
aggregate may be established, thus al 
lowing the use of compressive strength 
tests for control. No correlation 


fairly 


given 


was pos 
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sible between aggregate 
vestigated and either compressive or 
flexural strength. Variation among ce- 
ments in their flexural strength pro- 
ducing properties was small and was re- 
lated to the variation in their compres- 
sive strength producing properties. 
Further studies are planned of the ef- 
fects of other variables on flexural 
strength. The effect of surface rough- 
ness of the coarse aggregates 
was not included in the scope of these 
studies. 


properties in- 


various 


Rapid-setting concrete (in Russian) 
A E DEsov Stroitelnaya Promyshlennost 
(Moscow), No. 10, 1955, pp. 30-32. Chemical 

Abstracts, V. 50, No. 4, Feb. 25, 1956, p. 2945 
HIGHWAY RESEARCH ABSTRACTS 
May 1956 
Effect of placing time was determined 
on 7 percent gypsum concrete made with 
cement in 22 min. 
Placed directly, after 1 and after 1'% hr, 
it showed crushing strength after 24 hr 
of 232, 254, and 276 kg per sq cm, re- 
spectively, thus recommending a some- 


beginning to sct 


what slower placing time. The water- 
cement ratio has a pronounced effect on 
this strength; increase thereof from 0.5 
to 0.6 cuts the crushing strength in half 
Addition of concrete 
fully low-temperature resistant but does 
not cause any corrosion. Gypsum causes 
a certain expansion of concrete, but the 
pattern of the latter is not a direct func- 
tion of the concentration. 


Zypsum renders 


Structural Research 


Determination of bending moments 
in plates with the aid of an optical 
mirror system (in German) 
W. Koercke, Beton- und S8tahlbetonbau (Ber- 
lin), V. 50, No. 8, Aug. 1955, pp. 210-216 
APPLIED MECHANICS REVIEWS 
May 1956 (Gretter) 
Optical (reflection) method is pre- 
sented for determination of bending mo- 
ments in plates. Model of specially heat- 
treated and ground plate glass is sup- 
ported horizontally in a rigid framework 
and loaded from beneath by calibrated 
spring spindles or weighted levers. Cam- 
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era mounted with aperture in plane of 
raster plate which is mounted above and 
parallel to model takes photographs of 
raster pattern as reflected in model sur- 
face. Raster pattern consists of rectang- 
array of mutually tangent small 
circles of equal diameter. Variations in 
slope of loaded plate lead to variable 
shifts of points in reflected image. Re- 
flections of eircles thus into 
shapes which are approximately ellipti- 
cal. 


ular 


distort 
Stereo-comparison of photos of 
raster as reflected by loaded and unload- 
ed plate gives data from which can be 
calculated principal curvatures and their 
directions. Brief 
similitude in extrapolating to prototype 
plate is included. 
fitted with 
raster plate for determining of curva- 


discussion of use of 
Traveling telescope 


scales and small section of 


tures without photography is described 


General 


Rational isolation of large precision 
machinery (L’isolation rationnelle 
des grandes machines de precision) 
I. E. KateL, Memoires, Societe des Ingenieurs 
Civils de France (Paris), V. 109, No. 1, Jan 
Feb. 1956, pp. 23-33 


Reviewed by Aron L. Mirsxy 


General discussion of vibration control 
in plants using rotating machinery such 
as newspaper presses, eic., by means of 
sheets of fluted natural cork placed be- 
tween the upper and lower portions of 
the concrete foundations 


Overpressure of emptying in silos 
(Sobrepresion de vacindo en los 
silos) 


MARCEL ReIMBERT, Informes de la Construccién 
(Madrid), No. 78, Feb. 1956, Paper No. 582-5 
6 pp 

A study of variation of pressure in 
silos during the loading and unloading 
of grain. The object of the work, be- 
sides the general disposition and group- 
ing of silos, was to determine the most 
appropriate means of avoiding over- 
pressures while emptying the silo. Pres- 
sure curves from tests on full-size silos 
are shown. 





